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BALLISTIC RESEARCI*LABORATORIES : )
MEMORANDUM'REPORT NO, 462 N

Weiss/Stein/ak
Aberdeeh Proving Ground, Md
21 May 1947

AIRPLANE VULNERABILITY AND OVERALL ARMAMENT EFFECTIVNESS

4
H

o H

Part I of this report presents the ekperimental determination of the ter-
minal ballistic effectiveness of the various rounds fired for impact on aircraft
targets. Included are the vulnerabilities of both gasoling and- kerosene-filled fuél
tanks, air-cooled and liquid-cooled reciprocating engines, jet engines, and' medium ,_
bomber structure, to the various rounds,

>

Part I of the report estimates overall vulnerability of theP-47 fighter and 4
the B-25 bomber, to fire against the P-47from the front and below and against {ii T
B-25from the rear and above, both from a range of 500-yards, Vuinerabilities:are .
presented for from.one to ten hits on the target. -

Part Ti urilized the terminal tallistic data presented in'the first two parts o
and develops and employs methods jor obtaining the overall assessments of arma-
ment for a bomber turret and for-a fixed gun fighter. In this part are considered . 4
the gun and ammunition characterxstxcs, installation weights, distributioniof weight

I. o
between guns and ammunition, the problem of Lactlcs and effectiveness, and the N
probability of hitting, 5 ;
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INTRODUCTION

The so-called "Optimum Caliber Program”was initiated under tne authority of File.00 4.00.112/
21424 (c) on 23 July 1945. Actual firings against aircraft on the ground have been under way for over a year.
In this ttme 287 aircraft of various types have been completely expended.and 5 aircraft have béen partly ex-

* pended. Since 2 single twin-engined aircraft contributes two engines to the engine phase of the program,

fuel cells to the fuel ignition phase, and a structure to the structures phase, it wili be appreciated thata
tremendous amount of detailed iniormation is available regarding damage to all of the components of an
airplane. )

Insofar as future aircraft are composed of similar structure, fuel cells, or powered by similar en-
gines, the information pbtained in the present tests can be.applied directly to the corresponding components
of other aircraft, with due correction for presented areas and physical arrangement. For slight struct-
ural changes, the vulnerability of future aircraft can be estimated. When certain components only are
radically different (such as advanced designs of jet engines as opposed to the obsolescent I-16 jet engines
available for these firings) some estimation is possible, but in any event, only the new component need be
subjected to damage tests for the estimation of the overall vulnerability of the new aircraft.

The purpose of the Optimum Caliber Program is not only to determine the probabiltty that a single
round of present ammunition striking an airplane will cavse damage in the various possible categories, but
also to assess the overall effectiveness of complete armament installations, with the object of indicating ,
the answer to the whole problem,-what armament should be carried by aircrait to meet various tactical
situations. )

The present report therefore represents a progress report on the two complementary portions of
the Optimum Caliber Program. In the first section of this report the results of the sciual firings against
aircrajt are reported, and the conditional probabilities of damage resulting from a hit are determined
from the experimental information. In some cases confidence limits are presented to indicate uncertainties
in the information, Methods are given for combining the component probabilities to give the overall prob-
abtlities that the airplane wili be destroyed if it receives any arbitrary number of hits. The second portion
of the report is concerned wtth the events that lead up to the impact of rounds ¢n the airplane, Tactics,
fire control, exterior ballistics, armament weight, rate of fire, and dispersion, are a few of the variables
which ex;ter this discussion. Comparisons of armament are made for simple tactical situations, limited
by the range of field data available at the time of writing.

Methods of analysis as well as the values obtained from the experimental firings are subject to
modification as the study progresses and more information is made available. The indications of the pre-
sent report should be considered therefore, not as a final evaluation of the comparative performance of the
weapons involved, but as an indication of the work being done, and é.s a tentative preview of the sort of re-
sults which it is hoped t attain as the program progresies.
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: S (RN The fresent report is concerned with the analysis.of iripact firings on aircrait carried vut at Aber-
- ] ; ‘ dsen Proving Ground, through December 1946, A prior report1 presented analysis of the firlngs up to May .
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Tal L ~ 1345, A Qetailed description of the methods of testing and damage assessment employed in the Optimum
‘ § =0 Cahbs'r Program iS con:l:aiﬁed in the first report.. Only such information-as.is required for the understari-
I irg of thedata presented in the éucceeding paragraphs will be noted-in the rresent report.
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n STATUS OF THE PROGRAM
' “Ths frefor portion of the firings covered by this report were conducted against B-25 twin-engined

e Kruae AR R dronm s et

»

o memu:: bombers at z-racge of 500 yards. A number-of tests were also made against liquid-coolea engines
. in tke D-ZBiighter, 1-d6turbo-jet engines in the P-59 fighter, gasoline and kerosene-filled fuel tanks of the

T BSI5eia KeroSene-filled {anks in the P-59.

Arpendix A lists the number of-firings in each phase with the various calibers and type of ammuni-
icn-employed. Whiie most of the firings were varried out at a ground range of 500 yards, it must be re~
memtered that ranges at which the sume striking velocity would be obtained in zerial combat vary with the
ralative velocities of the aireraft and with altitude. Table I presents the chief allocations of aircraft to
future firings 2s now contempiated. , In addition to this program, certain supplementary firings are antici-
pated. The choice of othér ranges for supplementary firings will be made to give striking velocities obtain-
ed in those tactical situations in which it is desired to evaluate the effectiveness of the weapons.

For example, rounds fired from aircraft approaching head on at high altitude may have much high-

er strikieg velseities than these shiained in ground firings at 500 yards. & is therefore anticipateq that

supFiemencary firings will be arranged under conditions providing these high striking velocities. The ex-
tent and precise ranges for thess firings are dependent upon the resulis to be vbiained in the current
series of firings, and are not yet determined. It is expected that the number of aircraft involved will be
relatively small compared to those fired at 509 and 1000 yards. Firings at 1000 yards are now in progress

ard i* is expected that analysis of these firings will form the basis of a later repart.

BASIS FOR ASSESSMENTS OF DAMAGE

w3 Report 437. The following brief summary pertains chiefly to the
2Lrzsnes rercrted on in the present report

- TEtimum Talicer I
SEl, Ly e,

Acw s e

*egram, Ballisue Research Laborateries Memorandum Report No, 437, by Arthur
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TABLE 1

Future Requirements, Optimum Caliber Prugram, 14 February 1947

Phase . Range Range Total
A. Impact 500 yards 1000 yards
1. B-25 Engines 73 60 133 Engines
2. P-59 Jet Units 14 0 14 Engines
3. P-47 Engines 117 40 157 Engines
4. (a) B-25 Structures 42 39 B1 Planes*
(b) B-25 with Remain- 66 Q 66 Plines*
ing Energy Plates
5. P-47 Structures 75 0 75 Planes*
6. P-38 Fuel Tanks
(a) Gasoline Filled 24 32 56 Planes
(b) Kerosene Filled 23 31 54 Dlanesg
with Armor Pro-
tection
(c) Gasoline Filled 21 0 21 Planes
(d) Kerosene Filled 23 0 . 23 Planes
7. P-59 Fuel Tanks
(a) Kerosene Filled 9 0 9. Planes
B. Air-Burst
1. 75mm vs. B-25 Engines, 10 Planes
Structures, Fuel Tanks . .
2. 105mn: vs. B-25 Engines, ‘24 Planes
Structure, Fuel Tanks
C. Blast
1.” P-59 Jet Units 6 Units
D. Controlled Fragmentation
1. B-2) Engines, Structure, 150 Planes
Fuel Tanks
2. P-5% Jet Units and Fuel 12 Units (8 Planes)
Tanks = .

3. F6F, B17, B29 Undeter‘mined

* Piring to be conducted against possible vulnerable areas rather than entire plane,

Assessments consist of both a qualitative description and-nrumerical.assessment of the-damage
caused by each round impacting on the target. Damage is described with sufficient thoroughness so that in-
terested agencies may make wider use of the results than would be permitted by numerical assessments
alone. In general, description.of damage includes the location of the point of impact, of the point of func-
tioning if an H.E. or incendiary projectile, of significant perforations, of effect of armor, of fire or other
types of damage and of points of exit. Description of the type of functioning of H.E. or incendiary is made.
The extent of fuel tank leakage, slowing or sputtering of an engine, l0oosening or jamming of control sur-
faces, blast effect on the particular type of structure and similar pertinent observations are recorded, In
tests on the running engines, the cylinder head témperatures,.manifold pressures.and.R,B.M. are:ail:re-
corded. Small fragment holes which are not considered damaging are usvally racorded in nuraber only-with

lower and upper limit of size, Also in the description of damage are’ included such qualifying statements as
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\ ! V_ ' make tha numerlcal assessments more mean[x\gful such as speciax assumpﬂons of .flight conditions not be classed as "C" damage. An Immediate kill, KK, implles 100 "C" daniagé. In assessing "C" dan.age, or ) .
« 52 ;; - fc' e prevlously consmered These assessments are then issued tn the form ‘of Aberdeen Préving Ground Fir- in fact any category of damage, it.is assumed that the pilot will remain with the-vlane and try to-prose- s
L . % P ing Recor ds.. . S et cute the attack, even though "balling out" is feasible. The assumption-that the aitack is 2 1/2 minutes a-

KA " sy T 1-: et i Asses smen*s of alrcraft ddmage often will vary-according to the Atactical situation, For this reason, way is also an important one in cvaluating "C" damage. "C" damage will be treated in a later report.
N __o__j_ ‘,V T sodionsi .&sSumpticris must be madetowhich HHe assessmetits 4pply: The following assumptlons, com- #® 'E"Damage is the probability that the plane will be structurally damaged while landing. (D" dam- ’
S : phe d»from combit reports and assessors conferences, are made With regard.to the>B-25 medium bomber, age, which-pertained to man hours required for rcpair of -damage has been omitted and s not assess.d.) '
° ;" : LA mhes alrc*aft.lsqn Jthsht, at-ancaltituderof 10;000 ft., with & spéed:0f 200 m.p:h. IAS, on a "E" damage will be treated in a later report. .
) W7 “ '-:*—;—_m ;‘:ﬁzﬁ:&;‘&J;nlslsog:é:';:;’:;’.r‘m‘a“d 152 1/2 minutes from the-point of’release of bombs. - Compound Damage. Any round fired into an undamaged.area or component may be given a single ;
= 2 'I‘he target [§-an area of 500 1000 feet, ] shot assessmer'xt. A round fired into a previously damaged area or component will result in compound- ]
”3. The bombslght - pre-set for 200 m.p.1; IAS and-any-deviation from-that speed at the time of re- S damage, and 2 "compound assessment” Is given to the combination of hits In the area. The compound R
“leaSe of bombs.would effect which is known as "C" damage. e . t assessments are used in evaluating the conditional probability for obtaining such damage in actual combat.

- 4, Eachrenglne has a: spring-loaded throttle on the carburetor that-will.maintain 30" Hg manifold
pressure in event the throttle cables are severed.

Cumulative Damage. Cumulative damage assessmenis are given for damage to the entlre plane in

! the phase being conducted. Thus Whereaé two hits on the same fuel cell may cause both compound-and
5. The aircraft flies to the target on fuel in.the auxiliary wing cells and has all Four main fuel ] :

d

cumulative damage, two hits on tanks on opposite side of the plane may be assessed singly and also cumu-

Damdge s -agsessed in the following four categomes chiefs. Their job calls for infinite patience and they have effectively increased the amount of data obtained N “3

cells full for the return to "base". . x5
(a) On twin-éngine.opération 125 gallons per hour are consumed. .A“ latlvelir where the resultlng damage to the plare is greater than would be expected from the single shot as<
) (b) On ‘single-engine operation 180 gallons per hour are consumed. ‘T ] e 2
. 8. Both pilots are as competent as possible, know all emergency procedures, and each member of ! Assessors and Proof Directors : . ‘ 8
ez the crew has a working knowledge of every other man’s assignment, H The validity of the terminal ballistic data obtained from firings against aircraft depends to a great
7. The aircraft is equipped with duzl surface-control cables throughout the fuselage ' extent on the technical knowledge and experience of assessors and proof directors. The men assigned-to
o 8. 'I‘he et ¢"landing area is-a steel mat 100 feet wide and 6000 feet long. ; "_ * this program have been careful and conscientious in their work. They have each contributed the independent
A 9. 'I‘he mlsslon is-to dfop 12°100-15 G.P, bombs on the target. Sl judgment required and have not hesitated to go far afield.for sources of iaformation which wonld sid-thom . A
: _"'sf;'.%ﬂ _Definitions of-Numerical Assessments L in improving damage assessments, Acknowledgement is also.due‘ic the assistant assessors and crew —J
- o ,‘: Py

"At-Damage-}s the probability-tiat-the atrcrast will start to fall.or go out of control within a period
-of five minutes from-the-time it is hit. The letter "K" In the A column denotes a crash immediately without 5

from any one plane. In certain instances they repaired over 20 fuel lineg in damaged jeb engines:ic-add -ong
additional round to the scanty data for such engines. The assessors, assistant assessors, crew chiefs and

any reasonable doubt, The létter "KX" in'the A column denotes a crash immediately without any reasonable . proof directors connected with the program from July 1946 to December 1946 are listed below in Table 2.
doubt and in addition denotes complete defeat of the attack. Such a designation will indicate for example = ‘yi L
that a-Karnikaze-attack upon a ship will be defeated. A kill of 2 fighter pilot would be a "K" kill; an explo- i

sion disintegrating the plane would be a "KK" kill,

?‘ s 1 @ TABLE 2
f, “B" Damage is the probability-that the plane falls to return to base as a result of the assessed dam- Assessors and Proof Directors 96 ’ -
“ age, the base béing two'hours away. This probability includes the five minute period immediately after the Assessors
i g . burst as-well as the time required to return to base after the five minutes have ¢lapsed. Thus "B’ damage ;f : 5; Name . Speciality Organlzation ¢ .
3« a'ssessments-wm always bz equal to or larger numericaily than "A" damage but will never exceed 100%. ii ' Col. M. Vgson Engines Powerplant Lab, AM.C. Wright F1d., Ohio '
{ - ‘The sum of the"A" and "B" damage may exceed 100% and an assessment of 100 "A" tmplles an assessment [ 1\1\?. % l\g/{t:x; " %t;\::tures ﬁggﬁi: i:};- %’;igﬁ: gig, 8;1:3
] . ;o r. R. innie . o
! also of 100 B, ? Lt. Col, M. Brennan-RA 33154 Engines Powerplant Lab, Wrxght Fld.. Ohio
l . 'C" Damage 1s:the probability that the particular attack wil not be complated 1t is- possxble to have g' l;fach._ {‘).,s‘;;h;;.;lr- P gng‘gnes gﬁ;ve:‘flsfn; ':;;lb \gzggi\x’t Fld., Ohio
el 5 ronr T e t. Comdr. ar ngines e f 0. 4 avy
,_."__ . "¢ ' damage although.no "A" i "B" damageexisls, Thus, damage to guns, bomb release riechanism, controls ; Mr. E. Skralskis Structures Alreraft Lab, right Fld.; Ohio
= ) whose.loss would Interfere with the-prosecution of the attack, or personnel involved in-the attack, would E Lt. M. G. McKInney (USN) Structures Bureau of Aero. U.S. Navy
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- TABLE 24f6NT'D)

i

- Speciality _ B .Organization
N Strictures Aircraft Lab. ~ Wright Fid., Chio
.. Structur&s - --  ‘AlreraftLab. ~°  Wright Fld., Ohlo
" . Engines » Poweérplant ; Wright FId,, Ohio
Structures- Afrcraft. Lab, Wright Fld., Ohio
Pic. H, Miller Engines : Powerplant Lab. Wright F1d;, Ohlo
Pfe. B, Coffman Structures Alrcraft Lab. Wright F1d., Ohio
<R Rotstant == Englnes . . A&A Division. Aberdgen Prov. Gd.
“CaptoD. Milles . - .Structures: A%A Division Aberdeen Prov, Gd.
1t: A. BsThomas Structures AZA-Division Aberdeen Prov, Gd.
. [~ .
> Assistant Assessors: -
M/Sgt. A. Curry: Structures Middletown- Air Depot
T/Sgt.. M. C. Murphey Structures Middletown Air Dépot
*© M/Sgt. J.:P. Portér Structures Middletown Air Depot
. . M/sgt.A.7. Bezek Engines -Middletown ‘Air-Depot
. Crew Chiefs
.o, . M/Sgt. O’Malley
S 2/Sgt."Billey
o ~M/Sgt. McCormick

-0 © M/Sgt..Brosius
o 3£/8gt, LaForge
14/8gt. Snyder
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VULNERABILITY OF COMPONENTS

In-this section of the report wiil be described the vulnerability of various aircraft components as

obtained from firings in the Optimum Caliber Program,

1. Engines

Firings against running engines expended 102 B-25 and 24 P-38 engines in the period covered by
this report. In addition 15 P-47 and 12 B-17 engines had bezn previously expended and the results sum-

marized in BRL M 437, 1 July 1946,

vgl’ -
|

i - gines,. Series R-2600-13, or -29, drive the three
; - __Pr.opener.s: Each engine {S.00ninnad war

crank case in two rows of seven cylinde

a, Description of Targets

.

The B-25] medium bomber is a mid-wing lana monoplane. Two radial air-cooled Wright en-
-bladed full -feathering Hamilton Standard Hydromatic
eguipped with iis own fuel and of) system, The 14 'cyl';‘nders are.attached to the
TS each. Ignition is supplied by two Compensated Scintilla SF-14LN-
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- rotaticn. The righi ehgme 1s a type V-1710-111 Wwith cleckwise propeller rotation. Two-G.E. type B-33 ex- .3
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3 magnetors-attached to the supercharger rear housing cover. The right hand magneto fires.the front spark
plugs and thé left hand magneto fires the rear spark plugs. Views of the B-25]-and the-R=2600 engine;.the
ofl.end fuel system-are.picturés in Figs. Bl1-B4, Appendix B. s aes
The P-38L is a twin-boom, single place mvniplene fighter powered by two 12.cylinder "V"
type liqui'd-cooled Allison engines. The left engine is a type V-1710-173 with counterclotkwise:bropeller

haust -driven.turbo superchargers aré mounted-in each forWard boom. A Cirtiss electric, full featliering, b
three bladed propeller Is instalied in-each engine, Each engine ignition system consists of 4 dual, high. . C 3
tension magneto, bvoster cofl, two distributors, ignition harness, 24 spark plugs-and an ignition switch,
The engines are liquid-cooled with. ethylene glycol by separate cooling systems. An Independent pressure-
lubrication system provides oil for each éng'me. Included in each system is an oil supply tank, pressure
pump, oil strainer, scavenger pump and.associated accessories. Views of the P-38 airplane-and:is-en-
gines are presented in Figs., B5-BS, Appendix B,

The P-53 Airacomet fighter is a single place, midwing, land monoplane pov;'é‘redrl?'y_ﬂﬁxg_.o;_ .

General Electric 1-18 Jet Propulsion Units: Thrust is.obiained.by jet propulsion. The I-18-is an iaternal
combustion.gas.turbine engine (see Figs B9-B12, Appendix B). Each engine has a controllable speed centri-
fugal compressor with double-flow itapeller. This compressor is mounted on anti-friction bearings on the
same shaft as the turbine. The compressor takes in the rammed air from the engine nacelle, comprésses - - e
it, and discharges it into the 10 combustion chambers, Here, it is.mixed with kerosene sprayed under high
pressure into the aft end of each chamber, and the resulting mixture-burns with a-very hot, continuous fire
in a similar manner to the contimious-fire in.an oil furnace. Since the fire is continuous, no spark plugs
are-needed except for starting. The hot exhaust gases of this combustion pass, by means of 2 duct in the
forward end of each burner, through the turbine wheel, causing it to revolve con':i::wziélf;, The:ccmprcssor,
being on the other end of the-shaft (which is the only major moving part in the engine) is thereby driven by

The hot gases

the turbine in a self-sustaining process which continues as long as fuel and air are availahle,
pass through the turbine, their direction of flow is straightened by the tailcone, and they then rush out of

the tailpipe at extreme high velocity. The speed of the compressor is controlled by the throttle, which regu-
lates the amount of fuel injected into the combustion chamboers, and consequentiy the fiow of gases through

the turbine.

A description of the P-47 (R-2800) and the B-17 (R-1820) engines and a detailed description
of the method used in firing against engines, are contained in BRL Memorandum Report 437. Views of these
engines are presented in Figs. 13-17, Appendix B. 5

b. Method of Firing and Assessment
1) Reciprocating Engines 2
The-erder with.whichrounds-impact on-ihe-VaFiGus parts of an engine is-important in

any Getermination of the probability of arkill, becausa of possible cumulative damage. For this reason.the
engine is divided into a number 6f sections of equal presented areas to which random numbers are -assigned,
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sres S “5 o6 Games R ““--az%in ;-zrd",'n 5ra=r. :zch engine iszivenanew set of random rumbers which

- gaéxe;ﬁ fmﬁ:ﬁdﬁ’x’i w wﬁm z.« = 40 fhe- ;:im{rg poinzfor any *pamcular round. S.mgle shct dareage.is ag-

+ .:.‘ Jxﬁ cpmv.ﬂatlve damage &l soandaisnade.

g

-=-=1M!?m£&*n c{ L*.&d«%iis-wfﬁ"“*msms st be:madefor damage to
:ﬂ s m gf 2 z,..;f ..gh..éd— r.:a::e ,f ascecsraents of such engine damage were made as.apslied.lo the
' W.aﬁe t:v.r.ewa.linf hwvez sencitive meam:e of damage,; smf*e animmediste kil on tis engine
" wponld et :ef,:_ 3’11 2:2 izmediate KIL on the plane oF efenfzecessarlly in 2ny ¥ A oz or "2" Jamzge to the air-

- =zraft. Hemﬁ- (3 mz:;ﬁ—ezg’nsd aircraf, A" and " zss%amenls of. enginn damage.are! u:eferre:i to the kifl-
" g of w&ewmaess “-ﬁwfihm"m rezioctivarimeiittervdls and not to'the €ntiré:direraft, J.bexesul!s may

RS, ;g-gcw-w-e,m.:&é.,w .uoumu.ar.;sz.xy o chianeproedilities-for Eiiiifg the plane sy hits on more than

ne engfx:e."’.’ﬁe 0 ard "E" "’ﬂ::smez;t_s In these casés still refer to the aircraft as.awhole.

2} Jet: z.zzgz..e:s

j Firirg zgainst jet-propulsion units installed in dircrait requirés a procedure different
A ‘ ‘ N ® frem that £5r resipreosting engines. Thisis necessary because the supply of jet upits for these tests is

i Mimited 2od (t ta therafave required torepair damaged unils after each rouhd, if practicable, In order to
cbtzin 2 mazimum number of single-shot assessinents, firings are conducted-against the least vulnerable

Z
zonpinents first

Firfnz for compound damage is here sacrificed in order to obtain.as many single-shot
e 2ToecIments 52 p::si:.‘e, The information obtained from such firings, while not very extensive for any one  *

. o Laleer, witt be <f grest value when coupled with controlled damage experiments conducted at Wright Field = o
[2r i ¥4 $r 3.‘.'.’.2&2'»«1 Lommand.of the Army Alr Forces.

The physical set-up for firing of jet units diffefs from that for firing reciprocating
enginec. £ slave engine Is used to provide a ram for the unit. In addition, certain instrumental readings

Lasomie ngzecaary for damage dssessment. The r.p.m. of the turbine, the-tatlpipe temperatuse wid & meas-
e e e GESITUSL 150 27 cotained. The firing position for firings against P-59 engines is shown in Fig. B1S,

z

e A1pendis B,
;: c. Supplementary Tests

BRLM 437 contains = description of a test to determine engine running tlme after the loss

$est was made with an R-2300 (P-47) engine and with two R-2600 (B-25) engines. In view of
these Leats on engines with ofl completely shut off,

—— ~ 8, i

b3 544

the assessors considered they wére justified in assessing 5
o1} 1528 4t niot more than "B" damage, regardless of amount, 1

i‘ - Similar tosts were run with liguid-cooled V-1710 (P-38) engines to determine the running
5 . time after 1652 of eoolant and. oil The assessors’ deseri ption follows: B
"
Both engipes Were given a preflight and daily inspection and each engine was run for ap- i
provimately § minutes until the of) temperature, manifeld pressure and coolant tEMPeratirs readings were L

2nd making its attack, - -

“The. o8 43 if the aircraft was in fligts
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The.right engine weas-then-shut-off and: the-coolan. drainéd:irom the enging, The engine was
restarted and run at 2300 r.p.m. The engine started to cut and 'slow badly after 3 1/2 minutes, After 14

minutes of continuous running the engine.caught.fire, It.stopped frcm fire-damage after 18 minutes.

The left engine was then drained of both ofl and coolant and run at 2300 r.p.m, It started
losing power after 2 1/4 minutes and seized-after 2 1/2 minutes running time,"

d: Results of Firings Against Engines

1) Confidence Intervals

The primary limitation on any ‘conclusions to Le drawn from firings to date is.that of
samne size. It is desirable to measure the probable influence of sampling fluctuations, and-this-can:be
done by finding the confijence limits fer-the estimates of damage, Gonfidence limits are vaives.based on a
sample which will include between them the true probability of damage a preassigned-fraction of the time
{called the confidence coefficient) in repeated sampling.1 Most of the results in this report are presented
in.the form of probabilities, These probabilities are usually quite small and in general are sufficiently dis-
tant from the value of £0% so as tp make the underlying binomial distribution an asymmetrical one. Itis for
this reason that confidence intervals rather than probable or standard errors are used to described the prob-
able influence of sampling fluctuations. The non-normality of the binomial distribution for small sample
sizes and extreme values of probabilities renders the standard error confusing as a descriptive measure
for the purposes of this report. Moreover, a comparison of confidence intervals for results obtained in two
different tests serves as a useful guide to the statistical significance of differences in averages obtained from
the two samples. The confidence intervals used in this repo¥t are oaes_d'on a confidence cuslicient of 95%.
Thus 2.5% of Lhe time the true probabilities of a kill wonld lie below cur lower confidence interval-and.2.5%
of the time they would lie above our upper confidence interval. ’

2) Description of Results for Reciprocating Englnes

The damage assessments to‘various types of engines are summarized in Tables C1l
t*rogh C9, Appendix C. The results are illustrated in Figs. 1 through 7. The "number of hits" referred to
in the tables of Appendix C pertain to the number of fair impacts on the projected area of the engine, A
fair impact is one whose effect could be assessed-as single shot damage.

It is evident from the firings against -engines observed to date that the cumulative "A"
and "B" kills were largely the result of damage caused by a single round. This fact, coupled with the rela-
tively small probability of getting large numbers of rounds into one engine in combat, resulted in the de-
cision to omit analysis of cumulative engine damage from the-present report. It is hoped that the effect. of

cumulative damage to engines may be fully summarized in a report on engine damage when all firings
agalnst engines are completed.

1 For a fuller discussion of the. lnterpretation and methods of computing confidence intervals-the reader is

referred to "Mathematical Statistics”, by S. S, Wilks, Princeton University Press, Princeton, N. J., 1943, pps.
182-123. .
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3 . o cool‘"‘"t‘ »‘maddition, 4t represents=a source of "A" damage-in that t1ié-coolant, ethylene glycol, is inflam-
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o ='1\he tables"of 'Appendh(c and the corresporfding figures serve-to illustrate'the mpor-
iance to. engine vﬂlnerabiiity oNhe,llne of Hire, and of the: engine type. Thus-the B-25 engihe displays greater
5L__vulnerabiiity. especiailynoticeabie for.thé. Cal 0 50.AP.I-:[‘,.M2O and. the-37mm’HE, M54, When fired upon

. from the*rear and. beiow as compared. to- fire; from rear and above or from'the -front.
1w 0 = ) 'I‘he various air-cooied reciprotmt.ng type- enginés (B-25, P-47,.B-17) display in
o general, the same order of vulnerability. The combined resultg: for these three type of engines are presented

. < in ~Tabie QB, Appendix C and Figs. 5:and 6. “However, the. iiquid-cooled reciprocating engines (P-38) and the
Ny 5 jet englnes (P-59) arefar moz:e vulnerabie than the air-cooled” reciprocating engines (see'Tables.C1-C10,
Figs. 1<7) 'I‘he»ain—cooled engines suffer far-greatél "B damage than "A™largely due to the vuinerability

i
- of the iubncation system. Large oii damage, obtained quite often with even the smallest caliber used in the 1"'

et

g program, will'hot-result in an engine kill in five inutes or:less ("A" damage) but will definitely cause the

o [

B “‘;eTiigme-iovswp'wnnm ThETwWo Hour” lim"it”'d”f"ea for "B" damage. The liqud-cooled engine has thé additionat .
handit,ap of the cooling«system. 'I‘he cooling system contributes to "B"'damage when damage causes loss of !

a mabimandwm support fires.large enough for an "A" kill,

: ' - N : =\
Rt Syl L i ngntiicant.ton.ls-thexelative Jow-vulnerability of the B~25 engines‘when fired froia R
the rear and. aSove (except t6 the German 3cm.) The installation affords large protection to the engines and &
o most .rounds are>effect ively rendered harmless by-the intervening structure, especially the main spar. The -

German: acm, ax‘ugh carpacity round was assembled with delay fuze during most of the B-25 engine firings Gt
. erom the. rear whereas it.had a superquick ‘fuge,for firings from the front. The greater damage with delay - .
5 :fuz wa' ap;a:ent tbrougnout the -firings and accounts for the fact that this round appeared more effective - )

engigg:_; fromn the rear and abové I‘han front and-below. Firings are now being conducted with both S
: “‘L erquick and de‘ay fi-zes'for this round. and-the comparison.-of effectiveness will be preseated upon their

-completion- Alsoof interest is. the comparison. of: the two Gel. 0.60 rounds (APY and Incendiary) against the K

l_qutd—cooied,P 33 ensine. Thé-armor-piercing incendiary round is relatively more effective when fired
N St‘oxfi-.the ffotit, Where-it can penetratetothe cooling system more easily than the incendiary round. How-
. ei)'e'r the incéndiary: ammunitiex_r {s more effective for firing from the rear and above with the cooling sys-

‘tem edsily-accessivle to it. . ¢
3). Engine Component Damage
One important'by-product of the optimum caliber firings is information regarding the =
relativesvulnerabilities of:the varlous aireraft components and sub-components. By use of a coding system ~ ! H
on*thfiriig records-the-damagpe-tuorefiging componeiis-was classified. The results are presented in Tables =
iG12 through C19 in Appendix:C. There afé listed:n these tables, for each type of engine and ammunition »
. employed; the relative frequenc:v of hits on the component (several may be hit with one impact) and the & 5.
maximum, th2 mintmum:and the average assessment.assigned to hits on the component, Glassification:was ‘-;-ér"'—:f'j
“made. withkrespect to the components.themselves.and-also with respect to the functional system affected by v J
;the.da.mage. Thus the o1l cooler is a component 'which affects the lubrication system, ’ o
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In gerieral, the most prevalent sérious functional damage to air-cooled engines is to
the lubrication.system. Liquid-covled engines are, in addiuon, very suscepiibleto coolant darmage. It
should be remcmbered that impacts were distrituted randomly over the presented area-of the engine, There-

fore, if some obviously vulnerable part is not reflected as-a serious source of damage, it is probably too
small or well-protected to-be hit often. 4

4) Vulnerability of Je! Engines

44 General Electric I-16 jet engines installed in 22 P-55 Lwin-jet fighters-have -been
receivedfor use in the Optimum Caliber Program. Of this numhar 2 total of 5 planes or 10 individual jet
units have been expended. Recause of the limited number of jet engines available for test, the méthod of fir-
ing has been modified. The least vulnerable areas of the engines are fired upon first. Subsequent rounds
are aimed at areas of increasing vulnerability until a single shot killis obtained. Table C10, Appendix C,
and Fig. 7 summarize the results of these firings.,

Upcn the instructions-from the Office of the Chief of Ordnance, the Cal. 0,50, API-T,
M20 firings were supplemented by firings of the Cal, 2,50, Inc. 23, and-the Cal. 0.50; APT, T49.. The latter
two types are 00 grain projet:':tiles with-a-muzzle velocity of about 3450 f/s compared with the 675 grain
M20projectile, which has a muzzle velecity of about 2950 £/s. The heavy API, M20 and the light incendiary
M23 appear to be equally effective, both projectiles being superior to the light API, T49 projectile.

t is considered that the vu]xierabtiity of the jét engines is sufficiently important to
warrant a detailed account of damage. Table C11 presents the chief sources of damage for each impact on
the engine projected areas with the various types of ammunition employed. The German'3 cm high capacity
HE shell was fired into a.dead engine. The resulting'structural damage to the engine clearly indicated an
immediate kill, This round contains the equivalent of 1/4 1b, of TNT and the blast damage was of itself
sufficient for a kill,

- Both the 20mm HEI, M97 and the German 3 cm shell were statically detonated in various
positions inside the taiipipe of dead 1-16 engines, Since no information is presently available regarding the
significance of various sizes of holes along the tailpipe, it is proposed to conduct a controlled tailpipe damage
experiment which will yield the loss in thrust resulting for such damage and 4150 the temperature distri-
bution in the vicinity of such holes. Tallpipe damage may thus be evaluated for various types of shell with-
out the ‘expeiiditure of any Of the scarce jet units,

Controlled burner damage experiments have been conducted by the Air Materiel Com-

raan, Army Alr Forces at Wright Fid., Ohlo.1 From these and other battle damage tests, 234 it is hoped
1"BattieDamza.ge to a General Electric J-31 (I-16) Jet Engine by Actual and Simulated Guafire", Air Tech=
nical Service Command, Army Alr Forces, TSEPP-506-118, 26 June 1946,

2"Heat Fire and Battle Damage Characteristics of Turbo-~Jet Installations", Alr Technical Service Command,
Army Air Forces, TSEPL-525-299, 1 September 1945,

3"P-80 Battle Damage Tests", ATSG, Wright Fid., Ohio, 9 October 1946, .
4"Vninerabiiity of Turbine Engines-Second Running Trial", Orfordness Research Station, O'R.S, F, T357
June 1946,
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gility oi diﬁ‘erent models:g'f turbo-joﬁ’engines to varipus “types oi ammunition,
== .
It is hoped to present a deaziled analysis: and summary of jet- engine damage tésts con-

e

e =

ducted at Abérdeen And elsewhere upon completion of the curtent series. of firings, Study of the effect of
blast and fragments=in addition to impacting mics{‘les is contemplated The probable effect of changes in
}ugbo-j et-design and .of mumple jet nacelle installatxon on jet vulnerability wiii also be treated. In.particwar,
- the large contribution of fusl damage to the I-16 yulnerability must-be considered:for any. extrapolatior to
other - jet engmak}l&pes, such as the 1-40, where there-are smallér presented areas of fuel lines. The Aberdeen
‘-?rovlng Ground firing records contain higﬁly detailed descriptions of damage to the G.E, I-16,

.2, Fuel Tanks
A total of 28 P-38, 4 P-59 and 13 B-25 aircraft were expended in firings against fuel
tanks in the.period covered-by-this Teport. 53 A-35 aircraft previously expended in fuel tank firings were
reported in‘BRL Memo, Report 437.
For the pu_z:posesof this program, the fuel system is defined as the fuel tanks or ceils

and“fuel.lines- exclusive of fuel lines in the engine accessories section. Damage to the latter is assessed
‘with engine.damage.

‘ 2, Description of Targets

The B-25 médium bomber has an independent fuel system provided for each engine

(séeFigureD1, Appendix D). The chief soiirces of fuel.supply are four large seli-sealing wing tanks called
thermain tanks. 'I‘Qérg are.lwo.main tanks locatedin each wing center section between the-fuselage and the
en_g’ine.nacelle. The front and rear main tanks in each wing are ‘interconnected oy a line which extends from
the-rear-tank to-an-adapter-mucunted onsthe front tank, to which an electrically operated booster pump is
attached. Six additionai fuel cells are provided as auxiliary tanks, three interconnected cells in each out-
board section of.thé wing, The B-25 S is also sometimes equipped with a self-sealing fixed bomb bay tank,
; A bomb bay droppable tank constructed of aluminum alloy is
often bolted to the support-of the fixed bomb bay tank. It is assumed that the bomber under attack in this re-
port does.not contain either the fixed or the droppabie bomb bay tanks. The front main tanks each have a
capacity of 184 gallons; the rear main tanks each have a capacity of 151 gallons) and the three auxiliary tanks
in each.wing have a combined.canacity of 152 gailons.

located in the upper portion of the bomb bay.

The P-38 fighter has an independent fuel system provided for each engine {see Fig. D2,
Appendix D)., The chiéf sources of fuel supply are two main tanks, one inboard on each wing, each with a
capacm} of 93 U.S..gallons. In addition there are in each wing an outer wing tank with'a capacity of 55 gailons,
a reserve‘tank with a capacity of 60 gallons and a droppable tank with a capacity-of 165 gallons. All-the tanks

* with the e}'cephon of the droppable tank were used in the firing tests. Ali the tanks.used-were gelf-sealing.

et i s e =\ 2z

e

Fuel is supplied to each engine by an engine driven fuel pump and-an isdividual booster pump for each tank.
Thesetanks were used. for both ;asoline and kerosene firings.
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The P-59 jet aircraft used in the tests contain four self-sealing fuel cells ‘in-edch.wing
having a combined capacity of 290 U.S. gallons (see
75, 110, or 159 pallon auxiliary fuel tank under each wing., The fuél is supplied from the wing to the engine

Fig

2 8.

D3, Appendix D). Provisions are made to carry one

driven pump by conventional elertric booster pump. The main engine-driven fuel pump steps the fuel pres-
sure up as-high as B00 psi. "Line iosses” cause this pressure to drop to about 300 psi by the time it gets to ]
the engine, High pressurestopcocks operate instantaneously to.provide.a sudden spurt of high pressure.fuei
(45 to 50 psi) to the burners fer prompt starting and provide the quickest and most positive means of shutting
off the engines.
b. Method of Firing and Assessment

Al fuel tank firings conducted during the period covered l;y this report were against
fully loaded self-sealing fuel cells. Over the target the plane usually will have almost half of its fuel ex-
pended, and half the ceils are likely to be empty or nearly so, Firings against the A-35 fuel cells(sum-
marized in first report) were conducted with half the fuel cells surviced with only 7 gallons of gasoline, to
give a saturated vapor, However, the combustibility of the vapor-air mixture is critically dependent upon
the temperature. Tae mixtures in the freely vented cells are too rich for combustibility-at temperatures
aoove 20° F. It was evident from'the A-35 firings that outside of the dangerous temperature zone these
"empty" cells contributed negligibly to vulnerability, For JP-1 kerosene the dangerous temperature zone
exists at about 100°F. and higher (see Fig. 81). Temperatures at Aberdeen are too high for explosions in
gasoline and too low for explosions in JP-1 kerosene vapor-filled vented tanks to be expected.

il

For most fuel tank firings included in this program, rounds are fired singly and as-
sesment for any cell is made after each impact on it. All rounds, excepting high explosive or high explo- j
sive incendiary, are aimed at the projected area of the fuel tanks. The HE or HEI rounds are, in addition,

aimed at varying distances from the projected area in order to determine the contours about the tanks with- 3
irt which the round could inflict fuel celi damage.

Present fuel tank firings include the installation of a "slave" engine which provides a J
flow of air past the wing such as would be obtained in flight. Previousiy, assessment of fire damage was A
handicapped by the lack of an air stream, Small fires may be blown out by sach a stream. Information ob-
tained from the Army Air Forces indicates that a speed of 110 mph IAS could extinguish a surface fire {which e

blown out by such a stream. .

Particular care is taken by the assessors in designating as a compound assessment one ‘
given for a round impacting on a damaged tank or in an area into which fuel has leaked. The leakage from a
full fuel cell which is obtained without accompanying fire is assessec} according to the amount of fuel re-

lThis chart is reproduced from one cbtained from Power Plant Laboratory, Air Materiel Command, Wight
Fid., Otilo, A series of reports have been issued-by- -this laboratory which contain: detailed data on combus-
tible ranges of temoerature for many types of aircraft fuels. The tities of these reports were not available
af the time of writing. Also see TED No., NPG. 2509 = "Simplified Tests.to Determine the Vulnerability of
Jet Propelled Alrcraft Fuels,"'U. 8. Naval Proving-Ground, Dahlgren, Va.

"CONFIDENTIAL

el Ch, E\ffﬁrﬁ% S
A N ,
i L3 & »




<
“n
e

i

e b e -

o

el ::‘%%‘

¢ T

e

1

A

.Hﬁ -
i K

¥y

N "
) 'S T e
Comm iy &
° RS
Ve
EY -

—y

o

PO
W e maa
= 5

S R e

=]

w7 ’ ._,A S e a"‘w- < e Ay = = o e
o - L
“
»
7
&
.d - PP
= -~ >, ~
e -
- e -

rJ"

. e i CONJIDENTIAL L

.o

18
mainlngrfol ‘the trip back to home base, Theﬂspbsequent round into such a-cell.ls not cons:dered a-fair-round

&% " for theecalculatxon of single shot pl;obabxlity of damsge. However, such around-will yield useful information

> for the estxmation«pf compogngl‘,damage based. o the probabilitles of obtaining a fire when a round is fired

= into an already leaking cell, L =

Fuel tank firings are the most costly from the point of view of nuinber of fair hits per

< aircraft expended Because of tHetever present danger ofdosing the entire plane before-all the available

- fuel"tank informatlonns obtained it 1s corsldered best té fire at each loaded fuel cell oncé until all cells
havébeen hit. Thereupon, if these ﬂrst‘ rounds-have not demolished the plane, subsequent rounds are fired
in order-to obtain‘ the’probability of getting.cumulative-dam

N o) s Supp‘emr_ntary Tests

ageswhere-leakage already exists,

‘o -, Several tests now in progFess and also to.be-conducted in the-near .future are designed
to supplement iniormation obtained from firings against aircraft. Such tests are concerned with the actual
‘mechanies of'fiel tank igmtion and includé ignition of fuel tanks:by fragments. One such tést, recently
éo:mpleted, involved the detonation of a 20mm highexplosive incendiary round in the middle of a fully loaded
B-17 main fuel tank. The lack of fire:served to verify and emphasize the importance of ignition of-the va-
porized fue‘l'at the surface of the tank.

-d, Results of Firings Against Fuel Tanks
~ 'The single-shot damage data on gasoline and kerosene-filled fuel tanks are summar-
ized:in Table E1, Appendix E, Table E2 lists the corresponding compound damage, Tables El and E2 in-
clude-al} fuel tank-information: obtained in the period ending 1 December 1946 and repeats, for purposes of
comparison, results of firings against A-35 fuel tanks reported In detail in BRL Memo. 437. There have
_been-a large-number of firings against fuel tanks at 500, 1000 and 2000 yards, both from the front and from
the.r¢ar, in-the period sinée 1 December 1948 and it is hoped to summarize these in a later report.

] Tables E1 and E2 give the total number of hits obtained on the projected area of fully
loaded fuel cells and the-hits on thé projected area of empty fuel cells obtained in B-25 structure firings.
The next ¢olumn in both tables.gives the numbcer of hits on the projected area resulting in complete pene-
tration of at least one wall ofa fuel cell, The difference in the two columns represents hits on the pro-
jected area which did not result in cell penetration due to ricochet, break-up of round, or in the case of the
HE shell, ricochet or stopping of fragments. The high values of CP, or penetrations per hit on projected

e - - - I .
area, for the compound assessments are due to the fact that leakage of a tank may result in a fire upon
impact of a projectile even though it would not penetrate the cell. Although the resulting fire obscured

penetration all compound fires were classed as cell penetrations, The single-shot penetrations only are
used in later caleulations,

The next two columns in Table E1 list respectively the numbers of hits resulting in

- fires-(of duration greater than 1 second) and in leakage without fire, The Felative numbers of fires and

leakage per hit on Pl'Ojected area and per penetration and also the penetrations perhit onproj
1isteain

nhyi areg are

the vulnerability of kerosene-filled cells in the P-88 and P-SQ The smaller probabillty of obtaining fires with

CONFIDENTIAL

d— v e

- g

2y

«

ey L O

I

-
°
[

]

St s o < ey
-

CONFIDENTIAL , 19

-

kerosene as against gasoline is significant. In fact, no single-shot kerosene fires were obtained with the
Cal, 0,50 API-T, M20 and very few with the Cal. 0.50 Inc M23, However, the lower’volatility of the kerosene
de2s not reduce the probability of obtaining compound fires (see Table E2) and, once leakage has occurred,
subsegquent impact would seem to cause a fire as easily as with gasoline. Although there were too few fair
impacts obtained against the A-3% fuel cell significantly.to demonstrate their greater vulnerability; never-
theless physical reasons exist for this-to be so, The main tank only was fully loaded in.the A:35 firings
and-this. tank is a relatively tall f-t_xselage tank, Consequently,.rounds usually impanted on:the:side-of the

tank rather than on top in firing from.the rear, with greater damage due to available fuel pressure at the .
bullet entrance hole.

The last four columns-in Table E1 list the average singie-shot "A" and *B*-assessments
given to those hits causing fires and .to those hits causing leakage without fire.

The last two columns in Table E2 list the average "A" and "B" assessments glven to
fires obtained in previously damaged cells. In each case the assessments pertain to the corresponding type
of alrcraft. It is clear that the relative frequency of fuel fires and leakage is. not sufficient as a descrip-
tion of fuel tank vulnerability, The severity of fires and-the location of fuel tanks are important to the over-
all vulnerability of the fuel system, Ingeneral, it appears that the higher the probability of causing a fire,
the higher the severity of fires when they do occur. The Cal. 0.50 arnmunition caused no single-shot fires
which had any chance of causing the plane to crash within five minutes, Among the small calibers, only the
Cal. 0.60 displayed the ability to cause any appreciable single-shot "A" damage through fires. This may be -
due to the relatively high striking velocity for this caliber, resulting in more two-wall penetrations of fuel
cells. The 20mm rounds resulted in fires causing good "B" damage but not enough for high "A". 1t is ex-
pected that this caiiber will show up much better infirings against the lower surface of the wing. The higher
blast effect from the 20mm rounds results in larger holes on entry into the top of the fuel cell, but no damage
to the lower part of cell in contrast to the effect of the Cal. 0,60, The resulting fires then are relatively
weak', not being fed by a stream of fuel, Often they are blown out by the slip stream of alr provided by the
slave engine. In firings from the front and below, it is expected that fires caused by the 20mm rcunds will
prove-much more damaging. ’

The firings against empty B-25 cells are tabulated in order to increase the sample slze
for penetrations of cell per hits on projected area.

3. Structures

All assessments of damage from 1mpacting projectiles not included under fuel tanks and
engines are defined as "structures” assessments. Damage to armament, personnel, ox'ygen bottles, instru-
ments, spars, surface, controls all come under this heading. 12 P-47 aircraft were expended .in structures
firing up to 10 May 1946 and results are summarized in the first optimurn caliber report. The present re-
port shows results for “structures" firings against 35 B-25"s, 17 from the front and below, and 18 from the

rear and shove, ’ )
a, Description of Target

Wooden dummy personnel silhouettes constructed of 7/8" sugar pine replaced the foot-
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. A 5 “Pagentire Do 05 wak murked of Ciir fivesfoet $inec, Tresmes =i8sd R AT . - to impact ‘ir’in§s isThe fact that by means of these blés.t {irings damage estimates may be made for shell
e e ® @ % @  not uséd in the®ptimunt caliber firings® even shell in the-dgsign stage of development. Similar blast tests
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‘. haye bee.n:cggaucted agfinst B-17 engines and will be conducted glso against loaded fuel cells. 1t is hoped
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et ofwes glzoe end since z large number of hits are reguired for ezet sl _L-:—v:-' o . w Tables F1 and F2 in Appendix F present the average sssessments in each structures

] 3o
et Loz oF caieingl Tmvaledze and experience zre esperizlly regrired of s4—sm—es === . 0 zone ‘frofm roeazfo above and from the frgnt. The values in this table@@;de damage to persomnel. Results
» * .
o 2% presente?l to afford a comparison of damage to any gne zone for theseveral types of ammunition em~

% °¢ pjoyed. Only the "A" and "B" damage categories have been described in this report, "C" and "E" damage are

L] -
Tl piEne o umsrny et Ayraic and 2 more difficait jndgmeis refel B Sxmerox

Fezze Iz, Cnem I tZe nzze of engines or fuel.

Zziely veczuse of the nin-dyramis pature 57 58 o b encognteréd to a large extent in structures firing and it is hoped that information on the "C" and "E" categories
e Zoeaeds Tmmasring v varices places s ot very im;.*::ta:‘_?es ZisglE Sn ot o @ é’ag Ob:a presented in a following report on structures damage,
Lt STy o tte tlane the attemrt IS reade 1o distruie s.'-:—::.;:e—!f =7 o = - ’@ ., j Tables 'S and F4 in Appendix F”present tre @%%U structural damage (excluding per-
tzxgst, with ldle or oo orerlzpring of dameze, Mo —Cs e == sonnél) for the B-95, from reer, above and front, below. In these tables the single-shot probabiliies of "A"

A w8 o =
SRET ToESe rourds pre ISSess

=5 ‘-’9 and "B" kills are presented with their cor?esponding 9?% confngr?ce intervals. It is with special regard to
= ° .s%xctures damage that the possibility of redu'c'u}g the sampling error by knowledge of the structure exists,

. N When it is known, for example, that fairly large areas of wing and fuselage are nomogeneous and invulner-

v@@ .5bLe With Fespect to damage caused by the Cal. 0,50 a.nd possibly the Cal. 0.60, it is not necessary to de-

= pend solely upon the sample size for reliability of the resul@tor impacts on these areas. Thus if the upper

= @@ . co‘m‘idence limit for the size of hole caused by a Cal. 0,50 in the horizogal stabilizer would still be assessed

" @
as zero damage, then this may be-assumed to have no appreciable sampling error. g
-]

!e,J %) o) i .:.9_'.5 C e In Tables F3 and F4 ths probaw of an "A" or a "B" structural kill for a hit on the

3 ﬁ o e %25 s obtained by weighting the average pfobabjlit‘l‘gg for each of the structural zones (Figure G1) and

5 a -0‘ ¢ summing over th‘e pl.ane for all zon&s with record®d impacts. This pgocedure tends to remove the blas which
would ogeur if a simple aver.agp.of’all structural hits were made, The bias is due to non-uniformity of im-
i)‘qacts with respect t&projected ar:aa.a This would oceur if more than a proportionate number of imnpacts

£ _  were oblaired on a vuineravle zone, * ¢ ..
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g0 ” f ‘structures Componeanamage : e

~ v——————*—"‘—‘—“'—“‘“‘
As-in the Case=ul tig engines; a c‘&iingASystem was. employed: o classify erurtural

component damage. Thev ’vafious aircrait sub-components which constxtute-the general classes of armor,
_armg}nent andlattack equipme*nt ‘landlng,gear and hydraulic systems, Supporting. surfaces,
and personnelae:ﬂms-c'lassifl i =THecontiibution of each of-the sub- ~-components to the overallvulner-
. abllxty of“lhe plane-may-. Lhen,be -obtalned. .

g

o
K3

et -

PO Damage b structural components,of the B-25 and the relative number of times each
Ca '__ sub—component was. hit:are: presented in Tables F8 ana F'7 in Appendxx F. These.tables are-prepared for °

all calihers ﬁred—u“gainst B 5 §Eructures from the rear angd above and at a.range-of 500 yards. Similar
=t tables .are, be;gg.pnegued ior other rahges.and Mnes «of fire.

e ,; = ‘g, Pilot Injuries

The only personnel damage contributmg Hwectly to an "A" or "B" kill is that to the
p'lot of. the P-4'7 -and to-both-pilot'and co-pilot ofihe B-"s For the P-47, firing from the front the pilot’s
vulnerabxlitynincreases as-the cosine cfithe argle d, the angle _between the liné of fire and the longitudinal
e axxs of the fuselage. For the line of fire employed-in firing against the P-47 the pilot is not well protected
o z(see Flmu-eGZ) Therc @ere too-few Impacts for each type of ammunition in the P-47 firings to make a

__.,purely-‘obgective measure of: this‘tybe of vulnerability, On firing from the rear and above against the B-25
however, the pilot personnel dré relatively well protected (see Fig, G3). For this line of fire, it is pos-
Sible:to. obtain-pilot hitsthy ‘.i‘mpéc_:ts in zones F3 and F4. Table ¥5 presents the numbers of hits.obtained in
these- zones and.the mimber.of casualty inflicting hits obtained on the near and far pilot. It will be noted in
this table tﬁat"injigr.y -to,pilots is not as prevalent with the high explosive rounds as might first be expected.
For the line of fire é'mpfc_g}e&, the distance from point of impact to the pilots was large compared with the
distance fr om point of impact to point of functioning. Consequently many hits by high explosive rounds on

. ﬂ};e projected area of pilot résult in no penetration of the dummy pilots, Pilot vulnerability is an impor~
tant'source of difcrail damage. Except for thé-large high explosive rounds no one round inflicted "A" dam-

_  age-on both pilcts; hence the contribution of pilot vulnerability to the overall vulnerability of the B-25 is
zero fsr_‘_one hit. Pilot vulnerability bec¢omes important with increasing numbers-of hit on the plane, This
is illustrated in a later section of the report in which the overall vulnerability of the B-25 is obtained.
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. E o Part 11
HE A VULNERABILITY OF COMPLETE AIRPLANES
(39 o 5‘ giieti HH e ’ PROBABILITY THAT A HIT ON A P-47 FIGHTER CAUSES A KILL
j% 7 £ S H RS THH The computation uf the expected number of "A" or "B" kills 'n the P-47 obtained with various weap-

ons and types of ammunition involves the probability that if a hit were =btained on the P-47, it would pro-

i i duce an "A" or "B" kill, This probability is based on results obtained 1n actual firing and also to seme ex-
(it i T IEaaE:

"

o

!

t
s

T

I

4hay

tent on extrapolation from firings agalnst other types of aircraft., The breakdown of this probability for the

i e

entire P-47 aircraft into the vulnerability of the various components will indicate the method of calculation.

The vuinerability of the P-47 fighter is obtained for fire from the front and below (6 = 20°, # = 20°), ata
range of 500 yards.

Se
1y

Table 3 lists the contribution of the aircraft components ~onsidered in the estimate of the overall
probabilities of "A" and "B" kills, respectively. This table demunstirates the calculation of the overall prob-
ability from the probabilities that a hit on the plane will produce s kill due to damage to the engine, to the
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structure, to the pilot and to the fuel tanks. The various sources of damage are considered to be independent,
The last column of the table lists the so-called "lethal area” for the P-47 for the range, line of fire and par-

::

ticular type of ammunition. The lethal area is a value which is widely used in describing target vulner-

ability and represents the equivalent totally vulnerable area for the plane. Figures 9 and 10 picture the
probabilities of "A" and "B" kills for one hit on the P-47,
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The probabilities listed in Table 3 represent single-shot values and do not include the probability of
compound damage resulting from two or more hits,

M,

Ha
2

hadnagedbaney
&
] \4E
H
Tor

COPY

.
ket

5 ''he various component probaoilities were obtained as follows:
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1. Engine. The probability wtnat 2 hit on

L N nated as P A and PB in Table 16, was cbtained by multiplying the probability that a hit on the engine
) E E
ss ss

o TI_AT

the P-47 will produce 2 kill due to engine damage, desig-

HiE

results in a kill by the relative projected area of the engine to that of the entire plane, This relative area

is about .19 for the line of fire employed. The firing against engines was conducted with the engines run-

ning and after each round an assessment was made for the damage from that round and also another inde-

pendent assessment was made of the cumulative damage up to and including that round. The figures used
here for the probabilities that a hit on the engine results in a kill are the averages of the single shot assess-

T ments and do not include the cumulative effect from more than one hit. Each of the rounds was aimed ran-
4 i domly over the projected area of the ergine (which includes the accessury section). Since P-47 structure
' . but not P-47 engine informati~n was available in the case of the cal. 0.6) In¢. T36E2, the 20mm Inc. M36

E

. and the 3¢cm German thin-walled HE rounds, estimates of P-47 engine damage for these rounds were made

from similar firings conducted against B-25 engines. The B-25 engine is of the same general type as the

P-47 but has two banks of 7 cylinders each instead of two banks of 8 cylinders each as in the P-47. Also

e

l

1

ll

l

!

l

l

l

l

l

|

1

l

|

| the oil cooler is located in the wing Instead of underneath the engine, Tables C1 and C4 illustrate the dif-
l‘ M ferences in vulnerability of these two engines.
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" TABLE 3

. Calculation of the Overall Probability that a Hit on
) 7 theP=47 Produces a Kill

Ling of Fire: Front below 6 = 20°, 6 = 20°Range: 500-yards

 Caliber and. Probability that a hit on the plane Overall  yLethal
T typeof " produces an "A" kill due to Prob, Area**
w0 ammunition © Engine Structure Pilot Fuel Tanks i=p 2
. ey _ PAE . PAs PAp PAF 1-7r(1-PAi) (%)
. ss ss ss ss i=E
£ ) _ =Pa
% = N '
4 R - : 0.50; API-T, M20 .00  .005 010 001 017 3.2
B <2 . 0.60; API,T39 .022 015 016,021 072 134
A ~ 0.60, Inc.T36E2 003% 018 010 011 .041 7.6
e a . F B e 20mm, HEI, M97 .005- .019 030 ,007 .080 11.2
" v +«  20mm, Inc, M96 003* 020 025 021 076 14,1
° - ‘3em, HE'(German) .010%  .237 040 ,019 .288 53.6
:J : 37mm, HE, M54 174 .082 050 033 .303 56.4 .
© Caliber ghd Probability that a hit on the plane Overall Lethal
- - type of produces a "B" kill due to Prob. Area*x*
. ammunition Engine Structure Dilot Fuel Tanks i=F 2
S . PBE PBS PBP PBF 1 - (1'~PB1) (it%)
CL ss ss ss ss i=E =
; =P
= B .
‘e
¢ 0.50, API-T, M20 011 ,op 010 008 .037 6.9 =
[ 0.60, AP, 739 .034 .036 016 03¢ - 115 21.4 S
X 0.60, Inc, T36E2 .039% 036 010  .021 .103 19.2
o 20mm, HEI, M7 .045 034 030 017 .120 22.3 o
20mrh, Ine, M96 048 041 .025 035 141 26.2 -
- 30mm, HE (German) ,085% .333 040,038 424 78.9
37mm, HE, M54 194 .097 050,  .047 .341 63.4 v
A !
FE * Obtained from firings vs B-25 engines -
fogm 3o
™ Lethal area = P, (or PL) x projected area of plane (186 sq. 1t.) - i
The overall probabilities are depicted in Figs. 9 and 10, i
" . . A
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2. Structure. The probabillty that a hit results in a kill on the P-47 due to structure damage, is

designated as P A and PB In Table 3. "Structure" damage here refers to all damage other than that
. Q

Vss Sss

due to the engine and accessories, the pilot or the fuel tanks. 1t was attempted during firing to obtain as
uniform a distribution of impacts over the projected area of the plane as possible. Since in fact the di:s.tri-
betion was not ideally uniform, the average damage was obtained for each of many zones into-which the
total projected area of the plane waé divided. These-averages were then weighted by the relative projected
areas of their respective zones. The final average for structure damage, therefore, does not reflect any
bias resulting from disproportionate numbers of impacts on components of varying vulnerability. Since
the component termed "structure" includes the entire plane, the projected areas are the same and no fur~
ther correction is z-equ'u-ed.1

3. Pilot. ,/There is no armor protection for- the pilot with the line of fire employed in firing against
the P-47. For that reason any hit on the projected area resulted in injury to the dummy target representing
the pilot. In addition there is some injury resulting from near misses due to flying glass or fragments. If
it is considered that the pilot represents 3 sq. ft. of projected area out of the 186 sq. ft. for the entire plane,
ihen a hit on the plane resulting in a pilot hit was chosen as the probability of a pilot kill for the cal. 0.60
API, T39. The cal, 0.50 and the cal. 0.60 Inc. were given slightly smaller probabilities and the HE rounds
were given somewhat larger probabilities in accordance with the relative effect of direct hits and near
misscs for the various types of ammunition as ohserved during firings. There were too few impacts for each
type of ammunition in the P-47 firings to make a purely objective measure of this type of vulnerability.

4, Fuel Tanks, Since there were, in all, 15 P-47’s available for these {ests, the plane-consuming
fuel tank tests could not be conducted against the P-47 with 1oaded fuel tanks. The followisg procedure was
therefore adopted to cbtain the vulnerability of this important component. Much data was available from
firings previously conducted against the loaded fuel cells of 53 A-35 attack bombers. Firings against these
fuel cells were conducted from the front and from the rear at the same angle-off as employed in the P-47
firings. It was then assumed that the probability of fire and leakage in the P-47 tanks when hit was the same
as foc the A-35 tanks when hit. In addition, the probabilities obtained by fire from the front against the A-35
tanks were assigned to those impacts on the projected area of the P-47 tanks which would be less than one
foot from the tank itself. The probabilities from rear firing against A-35 tanks were employed for all other
P-47 impacts. 1t was then neces.sary to obtain the probability that the P-47 tanks would in fact be pierced

" by bullets or fragments impacting less than one foot and greater than one foot away from the tanks. These

probabilities were obtained from the structures phase of the test and also from a thorough series of sup-
plementary firings conducted against expended P-47’s. The multiplication of corresponding probabilities
than gave the probabilliy of 1eakage if the projected area of P~47 fuel tanks is hit and also the probability
of fire, These were in turn multiplied by the relative projected area of the fuel tanks to that of the entire
plane to give the probabilities of fire and of leakage if the plane is hit.

1’!."he components are assessed according to their funciion. Thus it is possible that a hit on a fuel tank
may do fuel damage (fire-or leakage) and also do independent structural damage to the plane.
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‘Th:e. probabilitiss ofz})btaining va" and "B" ‘k'il}s from the fire or 1eakaéé-were then obtained from the
[ -

s,;::t
’\"-(.¢
LR g

results of firing against the fuselage tanks of the A-35’s. Ingeneral, the larger calibers gave larger and
‘bFisker fiFes and more.pronbunced léakage. The-sericusness of the fire or leakage is chiefly reflected in
(r Ky <= At

m‘th_e'::iif'fe'rix;g"‘!x" assessthents since fiFssar non-séli-sealing leakage in the main-fuel cell of the P-47 is al-

u

most always a.100B kill, Gorrespoiiding probabilities were then multiplied to obtain the probabilities of an

A" (or "B") kill if the plane’is hit die to fire (or leakage). The prdbabiiities of a kiii resulting from fire

and from leakage were combined:to:givesthe.values listed in Taodle'3.

< .

o - The lini}teq_“m,x:mber of obsefrvations available per piane for fuel tank firings makes necessary some
~s;stem of extrapolation such-as that outlined above. Es use is considered valid when only single shot dam-
age is considered, as above, For ificlusion of compound damage, however, it is advisable to rely chiefly on
resultsifor the same plane as‘is under consideration. Thus, for the probability of damage from two or more
hits on-the P-47, the probability of leakage on a first hit may be c';btained by some extrapolation but the
probability offire or explosion for-a suosequent hit on the fuselage near the fuel tanks is linked too closely
with-the: tyjpe‘ of target to be reliably estimated by extrapolation from other types of aircraft. Since no fuel
tank firings were cog}ducted against the P-47 itself, it was not considered advisable to-calculate compound
fuel tank damage-for this plane. This is-especially necessary since the P-47 fuel tank installation differs
radically from those in aircraft used for fuel tank tests.

There is a good possibility that more P-47 type aircraft will be made available in the near future,
It will thus be possible to obtain direct information as tg pilot and compound fuel vulnerability.

Better estimates of the-various component probabilities may be obtained by attention to detailed
areas and sub-components. It is hoped to present these values in a later report on the P-47,

The projected areas for the P-47 engine and structure zones were obtained by planimeter readings
of these areas on the photograph of a model (see Figure H1, Appendix H). The scale of the model is 1:72.

The pictures represent the exposed areas simulating a range of 185 yards. These relative areas differ
negligibly from those which would be seen at 500 yards. -

Figures 11, 12 and 13 picture the contribution of engine;‘structure, pilot and fuel vulnerability to the
overaii vulnerability of the P-47. The scale for these f%ures may be ygied to read the totai overall vulner-
ability, These scales are so selected because component vulnerabilities are not additive, although their
logarithms are, to obtain overall vulnerabmt}glf one of the components is rendered invulnerable by some
protective device, then the block on the charts identified with that component mgy be removed and the total
vulnerability is then the sum of the remaining component damage, added logarithmically. To read the abS&
lute value of 2 component vulnerability the reader is ndvised to use Table 3, However, on the chartg they

‘may de read by placing the origin on the scale in line with the lower bound of the block identified with the
component. ) @
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PROBABILITY THAT AIIIT ON THE P-47 FIGHTER
WILL PRODUCE AN "A" KILL DUE TO: ;

{F) FUEL
(P) PILOT
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{E) ENGINE
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.:. -1 2 D 2 ) . ) )
o PRbBABILITY THAT A HIT’ON THE B-25 PRODUCES A- KILL

L]

"I,‘he probabilitxthat one hit ‘at random~on the B=25.produces.an "A" or "B" kill with any type of am-
2 N x:mnxuon was obtained for firing against the bomb&F from the réar and above (9 = =90°,.6 = 13° and for a
o e range of 500 yar _sL,,ﬂ:his-nnobabm ity {s-based-un 1cuiis shisinedewitli the B-25 itself and aiso the fuel tank
damag&obtained with. omEr aircrait typ=s.
‘Tabx= 4 1ists the. contribuh‘o"oi the major aircraft components to the overall probability that a hit
-.~ 7 "onthe. B-25 bo?{b??ﬁduces‘ an "A" ér "B" kill. The table presents the probabilities that one hit at random
© o on the B-25 will produce ] kill due to engine, structure, pilot or fuel.tank damage. The B-25, unlike-the
. P-47 has major. components which are doubly vuinerable. That Is to say, there exist duplicated compon-
DEC: o-Pnts, both_ of which:must-be killed in order to obtain-a kill on the plane, In particular, the engines and
o pilots a.re major components which are doubly vulnerable, Consequently, they contribute nothing to the over-
all proba.bility of & kxll on the B~25 for just onekit, These components, however, are important sources of
vulneranilitv for many hits on the B-25 and their contribution to the overall vulnerability is presented in the
' neéxt_section, Figures 14and 15.picture the probsbilities of "A" and "B" kills for one hit on the B-25.

The various component piobabilities listed in Table 4 were obtained as foiiows: .
N S 1. Engines and'Pilots. Thése components are doubly vulnerable and hence contribute nothing to
Vo . overall vulnerability for one hit on the plane. The German 3cm and the 37mm have about one chance In a
thousand of getting both pilcts with one hit.
i 2, Structure. The probability that a hit results in a kill on the B-25 due to structure damage 1s des-
ignated as P AS and PBS in Tabie 4. The probability of obtaining-such damage to the B-25 is obtained
i Ss SS
. " similarly to-the P=47, described Gbove.
L & 3. Fuel Ta.nks. Since-the available‘B-25 aircraft are employed to obtain the B-25 engine and struc-
. ]; : ture damage, they could not also be used for sufficient fuel tank firings. The vulnerability of this compon-
ent for one hit on the plane was cbtained as follows, The few firings against B-25 fuel tanks (see Table El}
were &3éd primarily to cbtain overall "A" and"B" assessments for those hits on the B-25 fuel tanks which

R cause fires. However, more data are required to obtain the probability of obtaining fires for hits on these
4 s '

1. fuel tanks, This additional informstion is obtained from the P-38 and A-35 fuel tank firings. The average
e probability of obtaining 2 fire for a hi on the projected area of a fuel cell is obtained from the totaled in-

formation for A-35, P-36 and B-25 firings against gasoline, The results for firings from the rear and
o above are obtained from Table El. This probability is then multiplied by-the relative area of the fully loaded
! . fuel cells to the total projected area of the B-25, The product is the probability that a hit on the B-25 will
. produce a fuel tank fire. It Is obtained for two assumptions; 1} only tiie main cells are fully (the auxillary

tanks empty) and 2) all the cells full. The relative areas for these two cases are respectively ,149 and

.272. The probability that a hit on the B-25 will produce a fuel tank fire is then multiplied by the average
vnbon mlalofon .t &

s Soiained-for-the 13-25 fuel tank fires to cbtaln the probability that a hit on the B-25

R S -
o g
|

"A il and "R" nsgassmen

SSSSTACK

will be an "A" or "B" kill due to fuel fire. These are the values tabulated asP, andP, in Table 4.
B
Fss Fes
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TABLE 4 _ Calculations of the Overall Probability that a Hit on B-25
Produces z Kill

Line of Fire: Rear Above 0 = 20°, @ = 13° Range: 500.yds.

Overall Probability

1 e S81 —
- 1 PAi)

Caliber and Prob. that a hit on the plane =F .

produces an "A" Kill due to - s Lethal Area*(FT<)

Type of Main Fuel All Fuel Both  Struc- Main Fuel All Fuel Main Fuel Al Fuel

Ceils Full Cells Full Engines ture Pilots Cells Full Cells Full Cells Full Cells Full
Armmunition P AF P AF P AE P AS P AP P Al P Az 1 2
ss ss SS sS ss N

Cal. .50 AiDI-T,MZO .000 ,000 .000 .000 .000 .000 000 .000 .000
Cal. .60 AP], T3 .004 .007 .000 .Q01  .,000 - .004. .008 1,024 2,048
Cel. .60 Inc T26E2  .005 .009 ,000 .000 .000 .005 010 1.280 2.560
- 20 mm HEI M97 .000 .000 .000 .005 .000 .005 .005 1.280 1,280
20mm Inc M96 .000 .000 .000 .006 .000 .008 .006 1.'536 1'.536
3cm(Ger) HE 047 .087 000 028 001 082 101 15.872 25,856
37mm HE, M54 .083 1186 .000 017 .001 .081 133 20,736 34,048

Overall Probability

i=P
5 1 —-

w

S5,
@ _PBi)

Prob. that a hit on the plane , 1=F
produces a "B" Kill due to -

Caliber and .

Lethal Area*(FT?‘)

Type of Main Fuel Al Fuel Both  Struc~ Main Fuel All Fuel Main Fuel All Fuel
Cells Full Cells Full Engines ture Pilots Cells Full Cells Full Cells Full Cells Full
Armmunition PBF PEF PEE PBS PBp PBl PBZ 1 2
ss ss SS ss ss

Cal. .50 API-T,M20 .005 010 .000 .000 .000 005 010 1,280 2.580
Cal. .80 APT, T39  .013 024 .000 ,003 .000 018 027 4,008 6.912
Cal. .60 Inc T36E2 025 048 .000 - .009 .000 034 054 8.704 13.824
20mm HEI, M97 .024 .043 .000 010 000 034 053 8.704 13,568
20mm, Inc, M96 015 028 .000 020 000 035 047 8:860  12.032
3cm (Ger,) HE 057 104 .000 084 .001 117 .161 29,952 41.216
37mm, HE, M54 063 118 .000 .059 001, 120 170 30.720 43,520

* Lethal Area=P, (or Pp) x projected area of plane (256 5q. ft.)
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_ by one hit is-agsessed-ag:zefo "A" and "B" ddmagé, this iSnot nécéssary, The probabllity of obtaining.a
Fo e Mt 1s-assess 3; 2 2

= A8 Appendixam
g

. other-so;

g CONFIDENTIAL :
LA e — '
E,éé:fmflan-i.\né";édure could bé followed for leakdge damage for one hit. However, since the leakage produced

'du”ea?%:-fine for more than=one-hit on*the-plane is discussed in.theé'next section.
3 < o0 T

s t'i‘fle.xeelz-).tlire'“’a.re:gs:of the varicus zonés a:;ﬁ«x_najor component$ for the B 25 were obtained from
photqgrapl{:s of a model with scdle:72, fi‘hese photographs slmulate a range of 185-yards. The relative
" aréas were bﬁaiﬁfé&g‘by planimeter. The modél photographs and the tabulated relative areas are presenteq

_'@ R F_iéures 14 and '15-pi—ctgge ’_t’h‘e' pxobzbfmies of obtaining an,l,lA" or "B" kill respectively for a hit at
randomn on the.B-25 bomber;- The probabilitles-are computed for terminal bailistic damage for rounds

ﬁred én the ground-at arange of 590 yards, The lne of fire is from the rear and above,
In obtaining the overall

*figures it was assumed that both engines must be killed for an engine kill and that
both pilots must’be kin

cells elpty. Since the.ehgines and:piiots are doubly vulnerable components, their vulnerability contributed
'noihing to the vulnerabiiities shown in these figures. -

. PROBABILITY THAT "n" HITS ON THE P-47 PRODUCES A KILL

The contributions of the major coimponents to P-

, I
_LeL,AE ,PAS ) PAF
ss Pss

47 vuinerability for one hit were listed in Table 3.

represent the singie shot probabilities of a kill on the P-47 Jue to en-
ss

N
ss
gines, §'1ru€tuxes, fuel and personnel respectively, If PA(n)
hits on the'P-47, then

represents the probability of an "A" kill in "p"

i=PpP

ss
m _ ., n
PA =1-7( -PAi) .
’ b= By

This formula wiil give D A(n) for the P-47, assuming no compounding of damage to the plane in the "n* hits,

It is assumed here that hits are independent.

PROBABILITY THAT " HITS ON THE B-25 PRODUCES A KILL

n)
The calculation of P A( ) (or PB(n)), the probabitity that "n" hits on the B-25 produces an "A" (or a
"B") kil wiil be iilustrated below. This caleulation wili require i

k1, killing both piiots for g personnel kill

1) .
IiP AE( represents the probability of a kifl in "n hits due to engine damage, then 1-P A M is the
E

Stmilar survival probabilities may be chiained for the

survivai probabilitles for all the components is the s
hits and the complement of thig product is the probability

survival probability for this component for "n" hits,

REr-sompones. The product of urvival probability
for the plane in "y

of at least one kill on the planc

CONFIDE NTIAL

kiil

0=20°and =13"

ed for a kill due to pefsonnel. The main fuel cells are-assumed full and the auxiliary
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PROBABILITY OF AN "A"KILL FOR A HT ON THE
B-25 BOMBER AIRCRAFT

LINE OF FIRE: REAR,ABOVE. ©:20°,0:13¢ RANGE: 500 YARDS

«

PROBABILITY
o
b1

o

CAL.0.30 CAL.0.60 CAL.0.60 20MM 20NN 3CM 3THM
APLTNEO APIT3$ INC T3EER HEILMST INCN9S {CERMANJHE NENB4

CALIBER AND TYPE OF AMMURNITION

- FIG. 14

PROBABILITY OF A "e"KILL FOR A HIT ON THE
B-25 BOMBER AIRGRAFT

LINE OF FIRE: REAR, ABOVE. ©:20%0x13° RANGE:! 500 YARDS

AP

125

b1

PROBABILITY

b
5

.025

000

%: OAL.0,60 CAL.0.80. &AL D,

0,40 -souM.  25uL e il
API-T,M20 API T3S INCTI6LE HEL Mo INCMO6 (BERMANIHE HEMS4

CALIBERAND TYPE.OF AMMUNITION

_ FIG, 15
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Tii*‘n'“hlls THEProceduPEs oumned‘bélb'ﬁ‘ﬁdfi{é‘fﬁe methods used: to obtaln the survival probabxlltxes for

. -

e the various major ccﬁ\ponents of the: B-25 e
" 17 Engine Survival ‘Probability for " Hits., .
<+ InTable C6 is listed, for each type of ‘ammunition, the probability that a hit on the B-25 engine from
esTear and’aucvs‘.results inan "l\" or "B" kill. The relative atea of each nacelle is about .035. Then 035
muli[glied by the p;-_o_babimies.fnom.!rablace.givesl the probability.that a hit on-the-B-25 will kill oue of the
)™ is the probability that orie of the engines'will sur-

* engnes. €all ‘i produet P, . D), ohén (1- -, (1)yn
¢ T, B E
L

. 1 R ©
vi.ve n'hits on:the=plane; For small probabilitiessa=simple-approximation may-ve obtained.
. ' Then- . € 9
U - 1-fi-a-p, WP <1-p, ®

. A A
. g E E
1
K]

. Is the probability that bc_),t_h,._engines-%r?illﬁnbt be simultaneously killed in "n" hits on the plane. P " (n)

E
probabzlity-tnat—th’éy iﬁiu‘be killed. It ls asSumed here that compound engine damage from several hits is

is the

‘not more than one would.expegt ix:om the single-shet-results, Firing tésts thus far support this assumption.
2. PersonneliSdrvival Probability for "n" Hits.
Piiot personnel on the B-25 constitute a doubly vulnerable component similar to the engine. The
calculation of the personnel survival probability for "n" hits on the B-25 is similar to that for engines,
3. StructuFes Survival Probability. for "n" Hits,
The structures survival probability for "n"* hits on the B~25 may be calculated in a similar manner

:
i

as for the- P-47, Table F3 gives the overall probability of the stfuctures kill in one hit on the B-25, Call

thls*brobabil.ity P " (1). Then (1 - P " (1))n is the structures survival probability for "n" hits.
s s

o

P e iy

4. Fuel Tank Survival Probability for "n" Hits.

Let Pane P Pra and Ppp be the relative areas of the near main fuei cells, the far main fuel
cells, the near auxiliary cclis and the far auxiliary cells in the B-25 from the rear, above with 6 = 20°,
% = 13°, These relative-areas are .078, .071, .063 and 060 respectively,

Table E1 lists the probability of 3 fire for penetration of a fuel cell obtained by totaling results from
the rear and above for the A-35, P-38 and B-25 firings, From this table one can also obtain the probability
that a hit on the pryoj ected area of a B-25 fuel cell will actually penetrate the cell. Full and empty cell re-
sults are pooled to get this proovability of penetration, The product of the probability of a fire for cell pene-

tration by the probability of penetration for a hit on the projected area of the cell, is PF , the single-shot

ss

probability of a fire-for a hit on the B-25 cell. Ap . Bp AF and By are the average "A" and "B" as-
Ss Ss c c

sesSments of B-25 single-shot and compound fires, These'values are given for the varions types of am-

avies El and K3, The(n the probability for an "A" kill due to single-shot fxre in one hit on the
main cells full is P = {A
Ap ( Fsg ( ) Phop * Py
s

-
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The probability of an "A" kill due to single-shot fuel damage in "n" hits {s

pt (n) =1-{1-P (1) n
AF AF 0
ss s§,
The probability of survival is here 1 - P A (n) .
F, 3

. ss
In a similar manner the survival probabilities may be obtained for "B" single-shot fuel kills and for the as-
sumption that all the fuel cells are full,

There is, however, additional source of fuel tank fire damage due to the additional probability that a
round may cause a fire when a previous round impacting in the same area has caused leakage. This case
is especially important when there is more than one bur§t at the target, The formula for calculating the
additional probability of a compound fire is developed in Appendix B of BRL M437.

Let P

T be the compound probability of a fire for a hit on a leaking cell, P,

[ c Fc

by the use of Table E2. LetP_, =P_ - PF be the additional probability of a fire due

Ss FAC FC S8

way be determined

similarly to PF

to previous leakage and PL be the probability of leakage and no fire for a single-shot hit on a B-25 fuel

'ss -
cell. Then

L

b

Fm

=14

P., (1-P
FAc

SS

®op -p, )"
LSS

P

L

-P

'SS FAc

is the probability of getting at least one fire due to compounding if

the

cell ig hit "m" times, Now the prob-

ability of getting "m" hits on the cell out of "n" rounds is calculated separately for each fuel tank area. Thus,
for the near main cell, this probability is

-np m
s NM (nPNM)

i , using the Poisson approximation to the binomial.
Then for any one area, say for the near main cell, the probability of fire, due to compounding, for

" hits on the plane is o
. pNM(n Y25
Pyt P

ml

m=n

RGP
C¥F M=o

Then P(n) (NM) = A P(n) is the probability that "n"" hits on.the plane will result in an "a" 1ill dueto ths
I“
c
additional probability of compound fires in the near main cell: )f thefar main cell is the only other cell
containing fuel when the plane is over the target, then

-
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15 the total fircbability of Em A wirune Lofued tank fives in "n" hits on the B-25; including:both single-shot
and-compound fires. . ) S

o G

L ‘TEblé'S-KSii&éﬁﬁ:tbiﬁg"stratéf \é effect of including thesestimates of compound fuel damage in

== | evaluating tHe Gverall Villnerability of the-B-25-fuel taik fire damage inn" hits.

T "FTeures 16°and 17 depict the probabilitics of obtaining an"a" or*'3" kill respectively for 10 random
hits on'the B-25. The lite of fife-considered-is from the rear and above with © = 20° and § = 13°. Al hits

. + areassumed delivered with a striking veloéity eguivalent to that obtained from a range of 500 s;ards at sea

:IIev:eI-. ‘Three §:asesm-é pictured for B-25vulnerability. The first considers the main fuel tanks fully loaded
(aaxiliary ta;xks-ampty) and includes compound-fires, This is the'same case as depicted for one hit in fig-
T - ures.ié %Edig The seécond.case also considers the main fuel tanks fully loaded but only involves single
:"., shé:fxf;ltaﬁk daxﬁ;-ée, T.I;e difference in‘these two cases is the effect of cumulative fuei tank damage on
'werallvulnérabiiity. From a consideration of the data accumulated to date, therefore, there would seem to
“be byt little diﬁerexicg in overall aircraft vulnerability for varying time intervals between impacts. If this
is so, then,;‘i-om a.terminal ballistic stardpoint, the vulnerability of the target under repeated passes would
be little different from that for one long burst. 1t was noted in thg previous section of this report that the
major compenents of the target airplane dispiay different vulnerabilities for different lines of fire. The
lice of fire from the rear and above against the B-25, for which overall probabilities are presented in this
secticn, is one for which the B-25 is relatively invulnerable, Calculations are now being made of -the over-
all vulnerability ef:this plane for other angles of fire, For this-reason, the figures given in this portion of
the report, zrnd the overall-.computations of part IIf must oe considered as indicative of results only from
the angles censidered and not as suitable for overall comparisons of the weapons ard ammunition, |
Tigures 18, 19 and 20 picture-the contributions cf engine, structure, pilot and fuel vulnerability to
the overallvalnerability of the B-25 for 10 random hits. These figures are to be interpreted similarly to
figures 11, 12 and 13-presented for the P47, )
Figures 21 and’22 compare the vulnerabilities of the P-47 and B-25 to 10 random hits for the speci~
Tied angles of fire. 1t sheuld be recalled that the P-47 engine and pilot are singly vulnerable. Part III of this
report supplles 2 comparison of the effectiveness of various types of ammunitions against these two planes,
taking into account the fact that the B-25 is almost three times as easy to hit as the P-47 as well as the
weight, rates ci-fire and other characteristles of the weapons,
Figures.23 and 24 compare the probabilities of obtaining "A" and "B" kills for the various calibers
for ™" hits on the P-47 from the frout and below, delivered from a range of 500 yards. Figures 25 and 26
do this for the B-25, with fire from the rear and above,
Figures 27 - 33 present, for each caliber, the probabilities of an "A" or "B" kill in "If" hits on the
B-2§ for three different assumptions, viz 1) main tanks fu1

DS Qe

Tor oo

. 1y ivaded, including compound fires and both en-
gines disabled for a kill, 2} main fuel tanks fully loaded, includi

ng compound fires and only one engine dis-
abled.fox

2 kill and 3) all fuel tanks fully leaded, single shot fire damage only, and both engines disabled for
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TABLE 5

Comparison of Single and Compound Fuel Damage for "n" Hits on the B-25

.

Ammunition

Hits

Tntal Probability of Killing due tu
Compound Fire in "n" Hits

Provability of Killing Plane du
to Single Shot Fire in "n" Hits

L

All cells full

Main cells full
n n

All cells fuli
%

Maiy cells full

®
p, P P P P PL P e
A, "B A, B A, "B, A <.
F, °F, F, F, Fgg Foo F
Cal, .52 API-1. MO i R, 00 LD Q000 .010 .000 k 3
) 2 .000 .021 000 012 000 020 .000 A
4 001 .044 001 025 000 .039 .000 S5
6 .m2 .00 001,039 000 058 .000 :
8 .003 .098 002 085 n00 077000 o
10 .005 .125 003 .07 000 095 .000 £% 1
20 .Mm9 .27 011 167 000 .182 .C00 s‘f
».
Cal. .60 API, 139 1 .007 .024 004 013 007 024 .004
2 .5 .05 008 LD 014 .048 .008
4 031 .05 017 .59 029 094 .016
6 .050 .162 .026  .093 043 138 .023
8 .064 .22 036 .128 056,179 .031
10 .08l .27 048 164 070 219 .03
Cal. .60 Inc. T36E2 1 .000 .048 005 .25 009 .046 .005
2 019 .092 013 0AL 018,090 .012
4 038 .179 021 .02 037 172 .020
6 .58 .262 .032 .15z b4 .246 030
- 8 .076 .338 043 201 072 314 .039
10,097 .41 054 252 089 375 .049
20mm Inc. M96 1 .000 .n28 000 015 000 .028 .000
2 001 .055 000 .01 500 054" 000
4 002 108 0 050 00108 000
8 .04 .159 002 .088 000 154 .000 . ,
8 .007 .208 008 118 000 .200 .000 .11z * % e9 Gg ®
10 .11 .257 006 144 000 244 .0000 137 e° MR %o 0" g
°p o0t o@
20mm, HEL, M87 1 .000 .04 000 .024 000 044 000 .024 ©Jece® - ;,% ®°
2 002 .088 D01 .049 000,086 000 048 o 0" o PN g
4 006 171 002 .097 000 165 .000 003 " e B8P ot 0@ g
6 011 .249 .007  .145 000 .237 .000 .136 & 493 qf.ae :
8 .020 .328 012 192 00,302 .000 77 & evoufest®e”
10 030 .391 018, .237 000 362 .000 216 © %" E.8 0 g
44 .‘?33."6" °®
3cm, (German), HE, MK108 1 .086  .103 047 056 086 103 .047 058 °° 2 ég ...
2 .65 196 092 .109 165 196 002 .109 %@
4 303 .354¢ 176 206 Wz 3 s 26 o e @) &
6 .418 .481 253 .293 417 480 .251 .292 K
8 515 583 821 .37 513 582 320 369 °
.10 595 .66 395 .440 593 664 382 438 °
37mm, HE. M54 1 na 118 087 083 416 138 083 068 @
2 218 .218 123 .123 219 219 123 133
4 301 .301 232", 232 888 389 231 231
6 .528 .526  .328 .328 523 ..523 .325 .325
8 632 .632 413 413 627 627 .408 .408 @
10 714 714 487 487 709 709 .481  .481
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i i B . ﬁwxmmr THAT 10 RAKBOH HITS ON THE 6425 BOMBER WILL FrRODUCE ‘ PROBABILITY THAT 10 RANDOM HITS ON THE B-25 BOMBER WILL PRODUGE
- S Lo CAN WKL BUE YOO B A "B" KILL DUE TO*

PP)PILOT .
30l (S)STRUCTURE =
(E) ENGINES
{F) FUEL

g -0 T U moener
| . S (1 sTAVCTYAE
. s i (ESEHGINES
R N 1

: ' S

LINE OF FIRE: REAR, ABOVE. , .
©: 20°, 0 =13°
(3 . )

’ i
o . 2 it et vt A it =

© o, b LN 6F FIREY HEAR, ADOVE.
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| PROBABIL!TY THAT 10 HIT.S, ON' THE B 25+ BOMBER

WILL PRODUCE_A KILL <DUE TO:

e .

Er S = v i

{P) (RILOT .© L
o N o(sé;s;muc'ruae
\ AEYENGINE
K . {F):FUEL"
,l‘ﬁ | '9 D =:'_"-"- SN ' )
s FEE P
: LINE OF FIRE REAR, AGGVE :
©x20° 0s13° :
: P
.7 )
- S
S
.64 . )
P
>
|: -
P}
F L 1S _.
= s41 P = ‘ 3 e
o x £ x
o = N
o ’_4 ' 'm
S . = =
2! ] S -
, e «
A © ©°
N > >
+{ F s
a d F
b 2]
s4]| F 3 F <
@ 3
S o
e &
' , &
.2
e
O s emne 7
37MM 3CM HE 37MM
MK 108 HE M54 MKIOB m54HE
AT KILL “8" KILL
F16.20
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B
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!

Line of Fire: Rear, Above © = 20°, § = 13° Range: 500 yards
[rc= Ammunition Probability of an"A" Kill to B-25 in one Hit P, o+ 2p "
= Due to single- Due to kill Due to kill Due to 5 Ey o o
] shot fire; on spec. one on spec. one kill on +ZPA +P A Ay A E
R mau-ceils  of the wo of the two  strue- P1 S 1 1
full engines pilots tures P A P A
L P, (B-25) P, (B~25) P, (B-25) P,(B-25) =P, (B-25)
X Ap Ag Ap Ag A
AN 1 1
i Cal. 0,50, API-T MZ20 .000 .000 .005 .000 L010* 455% 050%
F Cal. 0.60, API, T39 .004 .002 008 .001 .021 308  ,085
= Czl. 0.60 Inc, T35E2 .C05 001 ,003 000 .013 214 076
fo- 20 MM, Inc, M96 .000 002 .008 .008 .028 302 074
20 MM, HEI, M97 .000 .001 002 .005 012 209,073
3cm, (German), HE 047 014 024 015 139 173,108
1 37 MM, HE, M54 063 .005 031 017 152 204,030
t’ Probability of a "B" Kill to B-25 in one Hit 0
; Ammunition Py (B-25) Py (B-25) Py (B-25) PB(B-25) PB(B -25) Py Py .
F E P S P. B
L 1 1 1 1 .
i PB PB
. Cal. 0.50, API-T M20 005 .002 005 000 .018 250 114 -
% Cal. 0.60, API T39 013 .005 006 093 .039 1688 129
c | Cal, 0.60, Inc, T36E2 025 .004 .003 .009 .046 060 ,077
. 20MM, Inc, M96 015 .C08 008 020 .087 128 112
20MM, HEI, M7 022 ,006 .002 010 .048 050,120
HE 3cm, {German), HE, .057 .015 024,064 .199 121,076 ‘
i 37MM, HE, M54 1063 031 031 .059 1248 128 185 S
¥ - ’
};g {
HIE * Calculations based on terms with more than the three decimal places printed above. -
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a kill. Tt will be noted that for the-cal, 0.50-and 20mm where fires were not sufficiently sevére-to warrant

"A" assessment the comparison of assumptions 1) and 3) only reflect differences in vulnerabilities with and
without compounding of fires, The greater area for "all tanks fully loaded" is-not then-reflected-in increased
"A" damage. However, all calibers were capable of causing fuel fires with some assessable "B" damage.

Mh e,

Therefore, for "B" damage the increase in area tor "all tanks fully loaded” is significant and outweighs'the
difference between single-shot and compound fires. R

)

‘This table is
used in Dart ITI for the evaluation of overall armament effectiveness, The-component probabilities which
are lirted assume the engines and pilots to be singly vulneraliﬂe. Under the assumption, the total probability

Table 6 presents the estimates of component vulnerabilities for one hit on the B-25,
1

S}

PR

’

TABLE 6 '

Component Probabilities for One Hit at Random on the B-25
for Singly Vulnerable Components




5 A = 2 i wils ° z .. .
3 B T IR _ CONFIDENTIAL
s e of"gemﬁg‘ a kill'due.to-engines “for onehhigon.theoB-,ZSGW”ould‘be Z'P?A . Similarly the.total probabilityof
", gettinga kil duet_g persorinel for one hit on the B-25 would be 2P A ", The probability of.a kill for one hit
X o (R ' = - - " 4

& el . . - P]_

L on otfxe°§?25 considering alt components ingly vuinerabld is P A =P A +2p Ag +2P Ap + PAS. The last

R S e | 1

‘two.columns in‘ihe’table present thgx-fﬁa!‘-.ttm’lsgijgg;f_.gggl Vulnerability assignable to one of the engiries or
one of the:pilots, Epd;are used irn-eorrecting’the "Singly vulnerable® figures to proper consideration of vul-
nerability with duplicated componénts, .
The overallovulnei3bilities of the P-47 fighter and the B-25 bomber to "n" random hits have been pre-
Jeeon Dented, Ttis t6 be ri'éfé&‘ Eﬁa,t thgse figures pertain to a particular range and line of fire in each case, For
the P47 'the vulnerabilities are presented for fire from the front, 8 = 20°, # = 20°, delivered from a-range
E::moﬁed_vards;qn the grqm:_c'%, Fc;; the B-25 the vulperabilities are presented for fire from the rear and above,
’6 =:20°, § = 18°, also for a range of 500 yards on the ground. The ¥esults of firings against components, pre-
§ef;ted in Part 1, indic;t"enlaxl‘g_e changes in vulnérability with orientation, Firings now in.progress at ranges
“ 61’1000 yards show that the relative decrease in vulnerability for lower striking velocities is-not the same
~ for allthe calibers. For these Teasons, it is expected that the relative vulnerabillties of these aircraft will

AL

besufficiently different at the angles andranges to hinder extensive generalizations at this time, Data ob-
{ained since 1 December 1946 are now being reduced for addition to the results presented in this report. It
i is hop&d to incorporate these resultsin a later report, with detailed description of the reliability of the vul-

nerability -estimated.
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. Part 111

o OVERALL ASSESSMENT OF WEAPON EFFECTIVENESS

INTRODUCTION

The first two parts of this memorandum report have described the experimental determination of
the terminal ballistic effectiveness of the various rounds fired in the optimum caliber program and the over-
all computatioﬁ of target vulnerability, In order to compare the overall effectiveness of the various calibers,
the characteristics of the weapon and the weapon carfier must also be considered. To determine a true
"optimun'l caliber" the possibility-of varying each parameter at the control of the weapon designer must also
be considered, )

1, Thé object of the preseni-discussion is to indicate some of the relationships existing among the
mahy parameters affecting the overall effectiveness of an air-borne gun. The many component fields which
must be investigated to contribute to the final answer will be thus made apparent. Principall,, the discus-
sion is concerned with guns as armament for bomber and fighter aircraft, The present report will be con-
fined to an examination of the comparative characteristics of the guns of the "Optimum Caliber Program"
as carried in bomber turrets and by fixed gun fighters.

2. Gun and Ammunitiop Characteristics: The weights, rates of fire, and dimensions of the guns and
ammunition to be considered are contained in Table 7. )

Of the guns described in Taole 7, some characteristics such as rate of fire are known only approxi-
mately, and others, such as muzzle velocity, depend upon the number of rounds which have been fired from
the gun. Table 8 lists the characteristics selected for further computations, Mean values of muzzle energy
and rate of fire have been selected. Deviations of about 10% about these values probably exist. Where a
number of round types of only slightly different weight are considered for a particular gun, a particular
welght and muzzle energy have oeen chosen as representive of all of the rounds.

The weight of ammunition for 20 seconds continuous firing is tabulated, as is the time 7, for the gun
to consume its own welght in ammunition. This latter figure will be shown to be of considerable importance
in evaluating overall effectiveness. 7 and 7‘2 are similar characteristic {imes including estimated in-
staliation weights.’

With regard to ammunition weights for the small arms ammunition, the weights listed in Tables 7
and 8 may be found to differ slightly from those listed in drawings of the rounds. Comparatively large toler-
ances will be noted on the drawings, however, particularly with regard to the possibility of using alternative
materials in the fabrication of the rounds. The manufacturing tolerances are all such as to make the average
rouvnd welgh less than the welght given on the drawing. 'The values used in the present report are believed
to represent satisfactory estimates of typical round weights.1

(s PN N P

Tables 7 and & were prepared by Mr. Norman McLeod of the Weapons Effectiveness Branch after exami-

- nation ¢l many Crdnance manuals, actual weighing of a number of rounds and clips, and consultation with

members of the Proof and Development Diviston of Aberdeen Proving Groungd,
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TABLE 8

E
. wt.  Mizzle
Rate wt. Gun

Energy Bomber  Fighter
Gun of Wt 100 20s /20s  in 10,000 Turret Armament
Cali- wt., fire rounds ammo ammo ft. b, T - T
ber Gun (b) (rpm) w/links (Ib) (1b) Units 1 P
0.50 M2 61 800 21 72 133 1.30 18.9 49.5 19.9
M3 85 1200 27 108 173 1,30 12,0 33.7 14,0
0.60 TiTE3 127 750 61 152 279 3.08 16.8 53.0 19.9
20mm M2 1387 750 62 155 292 3.30 17.7 56.0 211
. MR iig 890 52 164 278 3.30 13,8 49.6 16.8
30mm Mk108 154 600 133 267 421 3.05 11.6 32.2 13.4
Mk103 298 400 221 294 542 7.30 20.4 65.5 24.4
37mm ML0 231 165 225 124 355 8.33 37.3 158.5 48.1
M9 405 140 294 137 542 14,10 59.1 244.4 75.0
- 75mm Mi10 1148 30 2000 200 1348 88.60 1i4.0 912.2 1219
105mm 2100 25 4200 350 2450 185.00 120.0 10714 204.6

3. Installation Weights

da. Turret Weights: Flexible gun mounts for bomber defense have weights which, in general, in-
crease with the weight of the guns which they carry. Information received from Wright Field slat.es2 “The
weight of flexible 2-gunturrets, including the complete armament installation exclusive of the gunner, is
proportional to the caliber and is equal to 3200 pounds for the 37mm." Additional informal informatlon from

Wright Field indicates that the particular 37mm turret mentiored was excessively heavy, and might be
lightened in a refined design.

It is necessary to estimate the separate effects of number of guns, weight of ammunition, and caliber,
on turret weight, since the generalization quoted above does not permit estimation of weights of turrets with
other than two guns. ‘Table 9 lists weight.s1 of standard turrets, both 1ocat and remote control, mounting two
Cal, 0.50 guns; four Cal. 0.50 guns, and two Cal. 0.50 plus on 20mm gun.

It is now postulated that the weight of turrets of similar purpose and construction depends primarily
upon the total muzzle energy of the guns carried by the turret. The GE and Boeing remote control turrets
in Table 9, form a reasonably homogenous group for consideration, and it {s seen that when turret weight

1 -
Handbook of Instruction for Atrcraft Designers, ATSC Manual No. 57-0-1
P 21-12, 21-40, 2 January 1946, Vol I (R)

2

Letter, Chief, Armament Laboratory, Engineering Division, Wright Field
Aberdeen Proving Ground, Md., 30 January 1847, subject t
Caliber Gun Program."

“ , t¢ AMC Liaison Officer,
Information for Use in Connection with Optimum

CONFIDENTIAL
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less gun weight is pletted against total muzzle energy in Fig.'34,- the turret weight is fairly well given in the
region of the Cal. 0.50 turrets by the iinear relationship
w, =100 /90 ZF_ lbs. (¢H]

where ZEO is the sum of the muzzle energies of all the guns, in units of 10,000 ft. 1bs. Also shown in IFig.
34 is a plot of muzzle energy against gun weight.
I now, a turret with n guns is considered, from (1), 100 lbs of weight are involved regardless of the

gun characteristics. Each gun then contributes 9013‘O to the total turret weight, in addition to its own weight
and the weight of its ammunition, A time T

weight plus 90E0 in ammunition,

1 is defined as the time required for a gun to shoot its own
7'1 is essentially the time required for the gun to shoot a weight of ammunition equal to its weight
plus the component of turret weight associated with it. ‘rl is tabulated in Tabie 8.

b, Weight of Fixed Gun Installations: The following data on installation weights has been obtained
from Wright Field1 "The weights of fixed gun installations have been as follows:"

Caliber Weight
0.30 50 lbs
0.50 150
0,60 280

20mm 300
37mm 390, 560

75mm 1360
105mm 2200

The agreement between the above table (which however, does not specify gun type) and the tabulated "Weight
of Gun plus 20 seconds Ammunition” of Table 8 is noteworthy. Assuming that the Wright Field table refers
to the M2 Cal. .50 and 20mm guns the agreement is to within 10%.

TABLE ¢

Wt, w/o
Remote Control Turret Assemblies ammo, Rnds./turret
GE Upper Twin Cal. 0.50 Turret 2CGDSOURC 435 1b. 2000
GE Lower Tw:n Cal. 0.50 Turret 2CGDSOLRC 440 2000
GF. Upper Quad. Cal. 0.0 Turret 2CGQS0URA 812 4000
GE Upper Quad, Cal. 0.50 Turret 2CGD50URE 812 40090
GE Twin Cal, 0.50 Tail Mount 2CGDS0TRBI 486 2000
(can be nose mounted)
Boeing Twin Cal. 0.50 and one 870 2000 Cal. 0.50
20mm Tail Mount 120 20mm
USMC Quad. Cal. 0,50 Taii Mount 8490 4000
Local Control Turret Assemblies
A-3F Martin 2-gun Upper Turre. A-3F 630 800
Sperry 2-gun Nose and Tail Turret A-17A 680 1200
£merson 2-gun Nose and Tail Turret A-31 556 1000

1I_,etter, Chief, Armament Laboratory, Wright Field to AMC Liaison Officer, loc. cit. sup.
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Since the above weights apparently contain ammunition weight as well as gun and mowiting, the added
structural weight associated with installatinn of a fixed gun will be arbitrarily chosen as BEO, where Eo is
muzzle energy in units of 10,000 it 1bs.

4. Distribution of Welght Between Guns and Ammunition: Suppose that a total weight Wt is allotted
to an armament installatinn, consisting of guns, associated structure (mounting, turret, etc.) and ammunition.

Let
Wy = weight of one gun
E o™ muzzle energy of the gun

w, = weight of one round of ammunition with belt or clip

T = time required for the gun to flre all of the ammunition

g allotted to it, if it fired continuously at its specified

5 rate of fire (although it is not necessary for the gun

3 ever to actually do this, T being simply a convenient

c index)

1 4 = rate of fire of the gun

e ng = number of guns in the installation

A2

Then for a turret complete with guns and ammunitlon, using Eq. (1)

"= Wt =100 £ ng (QOEO F wg ;Y WaT) (2)

and for a fixed gun instaliation
- = T )
= W, ng (8E° F Wg F 'Ywa-) (3)

[~ The maximum rate of fire is obtained from an installation of given weight by having all guns, witn
one round in each gun, (assuming the "given weight” is a muitiple of gun weight}, Then the duration of fire
is zero, The maximum rate of fire ¥ fo is

/K = Woo-a)

\= ’on ‘Y(..t :x,/(kEo F wg) . (4)

il where a is 100 for the turret and 0 for the fixed gun installation, and k is 90 for the tuxrret and § for the

. fixed gun installation,
The probability of success in an engagement depends upon the total number of rounds which are fired
. ; as well as upon the rate of fire, Against a passive target, the more rounds fired, the hlgher is the prob-
o
: ability of destroying the target. When the target is defended, however, these rounds must be fired rapidly
} enough to insure that the target be destroyed before it destroys the attacker.
] ] The maximum number of rounds which can be carried by the armament installatlon and fired is that
- value obtained by setting n, = 1.00 in (2) and (3). It is more convenlent to consider N , the number of rornds
. carried if only ammunition were carried. Then
N = (Wt - a)/wa (5)
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- For‘any— particulay armament installation then, which is neither all guns nor all ammusuon, the

average rate of fire 7»« and. thatatelmumbes of roundé-carried by the installation are simply expressed

iﬂ-tex:z‘i‘xs'-oi“t_ﬁi;vmé.xiﬂum Values Y  and'N_-by
N/N, =T/(T /£ T);

Vi Vo= T/ AT (©)

Ter

where ¥ is the “characteristic time" of the gun plus moanting, and is the time required for the gun to shoot

_a.welght of wmmunition equal to its own-weight plus its contribution to mounting weight.

T = (KB, 7 W/ (7 wy) M

T

1 for the turre*ed.guns and 7 P for-the fixed guns are listed in table 8.

The variation of number of rounds carried and average rate of fire of the installation as totai firing
time is increased is.showh-in Fig. 35. The curves have physical meaning only at those values which corres-

pond to integral numbers-of guns, but for comparative purposes it is convenient to use the continuous func
tions, ‘{{ent':l has remarked.earlier that there is no objection to comparisons which involve intermediate

points bétween integral numbers of guns.
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Method of Determining the Relative Efficiencies of Two Types of Ai uns," nd
T A yp reraft Guns, by H. H. Zormg al
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- # -"'dftﬁ‘e*aﬁéiytfg:a‘i'éiﬁdies fnthe so-called "Optimum Caliber Program', is the development of methods of
analysis-of the data corresponding as.closely as.possible to realistic-combat conditions,

..A simple éx_ample-o'i'the relationship between type of installation and tactics is the case of the fixed
gun.ﬂéhtex‘-; If the fighter Is.to keep'the bomber continuously under fire; it is constrained to fly a pursuit
-_type course, Such a coursé has the characteristic that the radius of curvature of the path which the fighter

ipust*.-fly:beccm_eSf'smaner-and'smaller, in general, as the fighter nears.the bomber. There is a region

=~ “Broadsids of the:bomber Within-which the accelerations'required of the fighter on 2 gun bearing course are
so great that the bomber-cannot be kept under ‘continuous fire by a fighter in this region.

Appendix T treats the fixed gun fighter case in some detail. The "forbidden region” increases as the
-speeds of fighter and bomber increase. At very high speeds the fighter can close in to attack only in the
nose or tail cone of the bomber. The limits for a pursuit course with lead are less severe than for a pur-
suit course with no lead. This is caused by the iact that the “predicted point" at which the fighter fires with
correct lead moves toward the bomber as the fighter closes in, and hence has lower absolute velocity in
'space.than, does the-bomber.

TThe §i%é of the “forviddén region” for two of the guns of the Optimum Caliber Program is shown in
Fig. 37, where it is observed that the lower velocity of the 30mm gun leads to a smaller forbidden region.

This is not to be construed as an advantage for the lower velocity gun, however, since larger required lead

it evavs thine o2 24ENL are concomitant disadvantages of low muzzle velocity.

A turreted fighter has much more freedom in choosing a course of attack. As long as only fixed gun .

fighters.are to be encountered, increased speed is a protection for the bomber, as indicated by the figures
of Appendix J. Expecting attacks only from its nose or tail, the bomber may concentrate its defense in these
ragicre, Turreied fighters force the ooening un again of the bomber’s defense to include aitacks from the
side. The strength of the bomber’s defense in any region then deperids udon the number of guns which can
be brought ic Leai in wue region. (n addition to selecting an angle of a:iack which is poorly protected by the
poinover, the fighter must also seek to locate those angles from which the bomber is most vulnerable, In-
volved in this choice of attack angle is the area which the bomber presents to projectile impact. Fig. 38
shiown qualiitatively how the presented area of a typical bomber varies with angle of attack in a vertical
plane, through the bombers path,

Effectiveness of combat is, moreover, largely dependent upon the "effective” ranges of the weapons
involved. The fighter flying a pursuit course may present an impact area only 1/6 as great as does the
bomber, For equal probability of hitting, the bomber’s fire control must be correspondingly more pre-
cise. On the other hand, because of duplicated components such as engines, the bomber may be more dif-
ficult to destroy. Also, if the fighter attacks from the bomber’s stern, the bomber, firing "downwind" can
fire at the fighter at ranges from which the fighter’s rounds cannot reach the bomber. In such a case the
sequence of events in ine attack may be as shown In Fig. 39,
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CONTOURS FOR 450 M.P.H.
FIXED GUN FIGHTER ATTACK!NG

400 M.P.H. BOMBER
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FIGURE 38
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Fr
BREAKS 0 ==
1
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Ve FIGURE 39

-BREAKAWAY

As shown in Fig, 39, the fighter must survive an initia) penetration of the boraber’s defense before
it can, itself, open fire and attempt to win the ensujng duel.1
made concerning the qualitative effects of varying the propopt
guns and ammunition,

In tuis wonnection, some remarks may he

fons of the fighter’s armament load allotted to

Consider the one-pass fighter (such as a rocket nowep
fire at range D oob 20d tha:t the fighter opens at range DQ op Which ic less than Dool\’ If the fighter survives
to D0 of it opens fire and fires continuously unti) its_ ammunjtion
ment load, the relationship between total firing time an
armament designer may have provided many guns with,
be high and firing time short, If few guns with many ro
verse will be the case,

1§ entirely consumed, For a given arma-
G rate of fire is then ag indicated by Fig. 35. The

few rounds per g.4n, in which case rate of fire will
unds of ammurition have been provided the con-

—_—
‘The present discussion applies primarily to guns, The figater coul

from well outside the bomber’s defense, i course, launch a guided missile
1
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Now if the fighter’s rate of fire is high, but ihe guns have only a few rounds to fire, the portion of the
engagement during which the combatants fire at each other will be short, and the relative chance of the
fighter winning in this portion will ba high compared with the bomber’s chance of destroying the fighter,

But because few rounds are fired by the fighter, t}\le absolute probability of destroying the bomber may be
small, forcing the fighter to bress in to a short range before openfng fire, and reducing the probability that
the fighter will survive the approach to firing range.

Fig. 40 shows qualitatively how the probability of destroying the bomber varies as the fighter’s open-
ing range and duration of fire are varied. The curves show variation in ihe probability of destroying the
bomber as fighter’s firing time is varied for a given opening range. It will be noted that there is both an
optimum opening range for the fighter and an optimum firing time (hence an optimum distribution of arma-
ment weight between guns and ammunition),

No numerical values are attached to the curves of Fig. 40 since only approximate values of airplane
vulnerability were used in their computation. They indicate one of the methods by which analysis of effective-
ness of armament can be improved as informat.ion on airplane vulnerability at various ranges becomes
available from the field firings.

SHORT OPENING
NGE Dpgp

PROBABILITY oOF DESTROYING BOMBER

D00OE
onG OPENING RANSE
L

TIME FOR FIGHTER TO FIRE
WHOLE AMMUNITION LOAD

FIGURE 40

CONFIDPENTIAL




CONFIDENTIAL

. . h -7. -Probability. of Hitting' The probability that a round fired from 2 gua strikes the target at which
. it.is aimed depends upi-ie-charasiciistics of the weapon carrier, the gun and its ammunition, the target
“andits filght:pain, the fire cont¥dl system and the atmosphere. A systematic study of all of these factors
. andtheir effect.on probability of hitting is being carried ou'n,' and a lorge 2mount of expéerimental data on the
operational errors of fire control systems in dynamic ground and flight tests s available, as well as re-
cords of combat experience, It is hoped to present this analysis in future reports. For the present, more

1limited estimates are advancedito provide sufficient information to carry out a few computations of arma-
ment effectiveness in-the present memorandum report.

", Bomber's.Errors in Aiming Guns: The following characteristics are assumed for the bomber’s
armament installation. Guns are assumed mounted in a remotely controlled turret. Tracking data is ob-
tained for the computer by means of a radar which supplies both angular and range information. The com-
putei measures rates and predicts according to the differential equation1

aw X AA=u (1)
In this equation.

a = a smoothing parameter, chosen to be 0.20 in the present computations. Large "a" reduces
the effect of input oscillations but increases the settling time of the computer,

u = a time factor of the sight, approximately time of flight of the shell. By properly tailoring
u to present slant range r, a sight obeying the simple Eq. {11} can be made to give only
small systematic (instrumental) error on a selected, most probable target course.

\ = lead computed by the sight

W = present angular velocity input to the sight

The computer 31se has associated ballistic circuits, but it is assumed that these function without
error, and that the only errors in computation of predicted position of the gun result from the insertion of
erroneous range and angular information to Eq. (11). This anticipates a computer considerably more sat-
isfactory than present standard computers which may have very large instrumental errors in certain regions
of operation,

(1) Effect of Range Error on Prediction Error

Examination of some test data on the AN-APG-5 airborne ranging radar at Armament Test Division,
U.8. Naval Alr Suation, Patuxent River, indicated that errors in ranging tended to be substantially constant
over a course, and for this series of tests were occasionally as large as 20 yards. Only small deviations
about this bias were recorded during a course. This error should probably be treated as random across

courses, for if it could be anticipated, it could be removed by calibration. Further study of radar ranging
errors is required for future reports.

1
“This smoothing-plus-predication equation forms the basis for many of the lead computing sights and direc-
tors developed during World War II.

CONFIDENTIAL

]
-

[
U e

l

V “’ ;i,—”— o

4 L
LR e
At [}

.

ONFIDENTIAL

81

The effect of these errors on lead computed by Eq. (11) may be estimated as follows. A simple for-

mula for A 1s given by Hestenes™ adapted from some work by Sterne™ when the target is a fighter ilying a
pursuit course. It is

sin )\‘é’krw/vo;k= 1 -vf/2vo

(12)
where r is present range, Ve is fighter speed, A is muzzle velocity of the bomber’s guns. Then assuming

that N is sufficiently small so that sin A 2 A, and observing that for the pursuit course

u¥ kr,'vo; w %’vb sin a/r (13)

where vy is bomber speed, and @ is angle of the fighter off the bomber’s tail, the standard deviation of pre-
diction error @ Ar resulting from an input range error of standard deviation g, is approximately

oy ¥ (kw/v) o, ¥ [ wysina /v 0] o, (14)

(2) Effect of Angular Tracking Error on Lead Error

The angular errors of a radar tend to be highly oscillatory. Fig. 41 is a typical record of azimuth

T 3
error and Fig. 42 of elevation error.

A 20 mil bias was removed from the data since no attempt was made
in these runs to calibrate out angular bias, although this was proven feasible in later runs, The target was
a fighter 800 yards off the bomber’s tail. The average amplitude of error decreased somewhat as range in-
creased, but the frequency composition of the error did not change appreciably with range In this series of

tests. Rough air and viclent farget maneuvers changed both amplitude and frequency composition of the
errors.

The following is a brief outline of the method employed to compute the effect of recorded tracking

errors such as those of Fig. 41 on the prediction error of 2 hypothetical computer as

First assume that range rata is st

defined by Eq. (11).
il enough 50 that the changes in "u"

can be neglected. Then Eq. {11) is
linear with constant coefficients, and the A computed from any sum of inputs is the sum of the X computed

if each were applied separately. The lead computed for erroneous @, is then the lead computed for perfect

® plus the lead computed if only the deviation in @ from the true value were supplied. Subsequent develop-
ment therefore deals only with the error inw as indicated by Fig. 41.

Iipyefiection Formulas for Alrborne Fire Control", by M. R. Hestenes, AMP Report 104.2, Oct, 1945, pp 14
to 16.

2"On Direct Firing Tables for Flcxible Alrcrait Gunnery, with Particular Reference to Callber 0,50 A.D.
M2 Ammunition," by T. E. Sterne, Ballistic Research Laboratory Report No. 396.
Bupeport o, 45610", "AN/APG-3 (XA-1) Installation Approval Tests," General Electric Company, Schenec-

tady, N. Y. It is hoped to present a complete analysis of the data in this report in a later study.
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e e e
3 I{Qt,#(s) he_the resnonse\aﬁf.he comgut er’to 2 unit changesin input angle. From Eg,-(11)
i ) N [ u ’ D .
gyl B o A=ty (1/a)e SALNE C )
o Ay O
where siis time. .0

+Then the outpuf. of the. computer y (t) at timie t, resulting from any arbitrary input which is.a func-

°

] heoreml

This expressxon cculd be evaluated. rumerxcallj.

I oL ummt}“"buCn'aS‘tne record of error in Fig: 41, is by-the Boltzmann-Duhamel superposition

@ -
. o

SR oL : .
0= O, () ;// y(t-s) A¥s) ds SEL)

A*(s) decreases rapidly enough with s so that the integral

_ unmo7:rna+~hn.oame‘=wore than. few seconds back into-the past from t.
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Tor present purposssy only the ‘staridard deviation of yp is reguired. The siandard-deviation of in-

put “4hd prediction errors are defined:by

e T
N o 2_1
< - s : . .g'p =3 / y—(—p t)z at (17)
e AT
\ g (8)
. cliimr [ o
" = 1/07 9
. o _/ yo(t) At
-T

where 2T i§ the length of the course over which the error is recorded. Difficulties with the integrals at
the course.extremes f:an be avoided by assuming yo(t) = 0 outside these limits. (The computer gyros might
be consideréd caged; for example).

The ratio ap/'a'o ig represented by u , the amplification of the computer. Substituting (15), (16)

and-(i8)-into (17}); and-periorming the mtegrauon, the result is obtained that

we gLy [(1/ 12 4] /e Fat0e /2 as (19)

where

$(s) = 1/(2T 02) fy(t)y(t/s) at ' 20)

‘is Wiener’'s autocorrelation func:l.iun,3 a quantity eas'fly computed from the tracking errors on IBM ma-

chix}es. Fig. 43 shows the autocorrelations computed from the data of Figs. 41 and 42. The quantity
-sfau i i

e in (19) determines the relative importance of ¢ at various s, For u < 2. seconds and a = 0.20 only
the values for s < 1,0, second affect the result and there is no significant difference between the curves in

this region.

7 )
See for example, "Operational Circuit Analysis” by V. Bush, John Wiley and Sons, p. 57.

2
A much more detailed description of this method has been presented by one of the authors in an earlier

memorandum, Memo, H. K. Weiss to Director Antiaircraft Service Test Section, Army Ground Force
Board #1, Ft. Bliss Texas, 19 Nov. 1945, Subject "Computation of Prediction Functions."

3
N.D;:R.C. Division 2 Report to the Services by N. Wiener, 1 Feb. 1942 "Th Inter
and Smoothing of Stationary Time Series". ' The Extrapolation, &ter

polation,

CONFIDENTIAL

B I

ez g e e e,

o

CONFIDENTIAL 85

Eq. (19) was evaluated numerically for the whole-course azimuth autocorrelation.shown in Fig. 43
and the corresponding values of u are shown in Fig. 44.
Note- that the autocorrelations have the general-form of damped sinusoids

o) = e-s/Td

In terms of (21), Eq. (19) becomes '

cés ws (21)

au ' :
___L./—?&d—'__ l (22)
ad 5P (wan)

where w is approximately the dominant frequency in the tracking error (about 2.3 rad/sec) and T, a is an

woasiP? Jasd? -

index of distribution of the error among other frequencies (about 1.7 seconds).
(3) Combination of Errors: For the present report, standard deviation g of vertical and lateral
tracking errors will be assumed equal, Target in the tail cone of the bomber only will be considered. Then

letting O\t be the contribution of angular tracking error tv prediction errer {up to this point referred to as

a.)
! M= ua, (23)

'

The standard deviation of aim in the plane of action is given by

o =0y 2/ 0 2 (24)

and the standard deviation of aim perpendicular to the plane of action is given by

oty =0y 2 ' (25)

Only short bursts will be considered, over which the deviations of the point of aim, hx and hy are substan-
ne with standard

alat
a1 distribulions wi

tially constant. Their values, however, are assumed {0 be drawn from nofiiai Qi N )

deviations as given by (24) and (25)
A few remarks are appropriate at this point concerni
rect to assume 2 particular deviation of the point of aim

ng the aim error. The aim error is not exactly

repeatable over many courses. Hence it is not cor

from the airplane (such as 5 mils) to combine with the gun dispersion, any more than it is correct to

assume in advance that one knows what the deviation of a particular roand from ths point of aim will be.

Errors in point of 2im, like ammunition dispersion can be properly described only by sLatlsttcal para-

meters. .
1
Fig. 45 shows the recorded overall error in aiming a turret with a Mk-18 type of computing sight™,

for a number of courses. The data was taken in actual flight tests. The following comments may be ma.de

IFtnal Report on Mk.18 Sight Test in Erco TH Turrets, Project PTR 32164 4 May 1946, Armament Test,
U. S. Naval Air Yest Cenier, Fatuxent River, Md.
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